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1. INTRODUCTION 

A personalized healthcare system is a patient-centric 

approach that tailors medical care, prevention strategies, 

and treatment plans to an individual's unique genetic 

makeup, lifestyle, medical history, and environmental 

factors. Unlike conventional healthcare, which applies 

standardized treatments based on population averages, 

personalized healthcare uses advanced technologies such 

as genetic analysis, predictive modelling, and real-time 

monitoring to provide precise and proactive care. 

 

This system emphasizes predictive, preventive, 

personalized, and participatory (P4) healthcare, focusing 

on early disease detection, risk mitigation, and 

customized interventions. For example, genetic testing 

can identify predispositions to chronic diseases like 

diabetes or cancer, enabling early lifestyle modifications 

or targeted therapies to prevent disease onset. A brief 

comparison of conventional and personalised health care 

system is given in Table 1. Various aspects of the above-

mentioned developments are discussed in the cited 

references [Lewy, et al, 2019; Jimenez, et al, 2023; 

Pandey, and Gupta, 2024; HCT, 2025; Mitschang, 2025; 

Editorial; Research and Markets, 2025; Olsen, et al, 

2025; THTR-2025].  

 

Table 1: Comparison with Conventional Healthcare Systems. 

Aspect Personalized Healthcare Conventional Healthcare 

Approach 
Proactive and predictive; focuses on early 

detection and prevention  

Reactive; treats diseases after 

symptoms appear  

Treatment 

Plans 

Tailored to an individual’s genetic profile, 

lifestyle, and medical history  

Standardized treatments based on 

population averages  

Technology  

Integration 

Utilizes advanced tools like genetic testing, 

AI algorithms, wearable sensors, and EHR-

based predictive models  

Relies on traditional diagnostic tools 

and generalized treatment protocols  

wjpmr, 2025, 11(9), 114-138 

 

 

SJIF Impact Factor: 6.842 

 

 

 

WORLD JOURNAL OF PHARMACEUTICAL 

AND MEDICAL RESEARCH 
www.wjpmr.com 

Review Article 

ISSN (O): 2455-3301 

ISSN (P): 3051-2557 

ABSTRACT 

This review explores the transformative potential of personalized healthcare management through the integration 

of several disciplines of printed electronic sensors, artificial intelligence (AI), and robotics. Printed electronics 

enable the creation of customized wearable sensors for real-time monitoring of vital signs and health parameters. 

AI algorithms analyse the patient data, predict disease risks, suggest personalised treatments, and aid healthcare 

providers in decision-making. Robotic-assisted surgery procedures, individual need-based rehabilitation programs, 

and automated medication dispensing with enhanced precision and accessibility. The convergence of these 

technologies allows for comprehensive patient profiling, tailored treatment plans, and proactive interventions, 

promising more effective treatments, resulting in improved patient outcomes, and an enhanced quality of life in 

healthcare. 

 

KEYWORDS: Personalized healthcare, Printed electronic sensors, Artificial intelligence (AI), Robotic-assisted 

surgery, Wearable health monitoring, Real-time patient profiling; Hybrid medical devices; Proactive healthcare 

interventions. 

 

*Corresponding Author: S. Tarannum 

Jamia Millia Islamia, N, Delhi, India. 

  

f 

http://www.wjpmr.com/


Tarannum et al                                                                    World Journal of Pharmaceutical and Medical Research 

www.wjpmr.com       │      Vol 11, Issue 9, 2025.      │        ISO 9001:2015 Certified Journal        │ 115 

Cost-

Effectiveness 

Reduces costs by minimizing trial-and-error 

treatments and preventing disease progression  

Higher costs due to late-stage 

interventions and repeated tests  

Patient 

Engagement 

Actively involves patients in decision-making 

through shared care plans and digital health 

platforms.  

Limited patient involvement; 

decisions are primarily provider-

driven. 

Outcomes 

Improved clinical outcomes through early 

interventions; higher quality of life for 

patients  

Variable outcomes; often dependent 

on the stage of disease at diagnosis.  

 

The concept of personalized healthcare has evolved 

significantly over the past two decades: 

• Early 2000s 
The Human Genome Project (completed in 2003) laid 

the foundation for personalized medicine by decoding 

the human genome. This enabled the identification of 

genetic markers linked to various diseases. 

 

• 2010s  
Advances in next-generation sequencing (NGS) reduced 

the cost of genetic testing dramatically—from $100 

million per genome in 2001 to approximately $600 in 

2025—making it accessible for clinical use. Predictive 

tools like polygenic risk scores became widely used for 

assessing predispositions to diseases like cancer and 

cardiovascular conditions [Lewy, et al, 2019]. 

 

• 2020s-Present 
The integration of AI into healthcare systems has 

enhanced predictive modeling accuracy. For instance, AI 

algorithms now predict surgical complications with up to 

85% accuracy, enabling pre-emptive measures. 

 

Wearable devices have revolutionized real-time health 

monitoring. By 2025, over 30% of U.S. adults are 

expected to use wearable health trackers integrated with 

personalized care platforms [Lewy, et al, 2019]. 

 

The telemedicine and remote monitoring systems have 

expanded access to the personalized care globally. 

Integrated telehealth programs for chronic diseases have 

shown a 25–30% improvement in patient outcomes, 

particularly for diabetes management. 

 

The early identification of risks through genetic 

screening reduces disease progression rates. For 

example, prediabetic interventions lower the risk of 

developing type-2 diabetes by up to 50%. 

 

Personalized care minimizes unnecessary tests and 

hospitalizations. Studies show that predictive care 

models reduce healthcare costs by up to 20–30%, 

especially for chronic disease management. 

 

Tailored treatments improve recovery rates. For instance, 

targeted cancer therapies based on genetic mutations 

increase survival rates by up to 35% compared to 

standard chemotherapy. 

 

Patients actively participating in their care plans show 

higher adherence rates, improving long-term outcomes 

by up to 40% in chronic disease management programs 

[Lewy, et al, 2019]. 

 

Implementation of Personalised Healthcare - 

Challenges 
Despite the following shortcomings associated with 

personalised healthcare on the following grounds 

comprising of high initial costs for integrating 

technologies like AI and genetic testing, data privacy 

concerns due to extensive use of patient-generated data 

and limited accessibility in low-resource settings due to 

infrastructure gaps, the personalized healthcare 

represents a transformative shift from reactive care to 

proactive prevention and tailored treatment. By 

leveraging advanced technologies and fostering patient-

provider collaboration, this approach improves outcomes 

while reducing costs. However, widespread adoption 

requires addressing challenges like cost barriers and 

equitable access. As technology advances further - 

especially with AI-driven analytics and IoT-enabled 

devices - personalized healthcare is poised to become the 

cornerstone of modern medicine. 

 

Personalized healthcare significantly improves patient 

outcomes compared to conventional healthcare through 

several key mechanisms as listed below. 

 

• Enhanced disease detection and prevention 

By leveraging genetic screening and predictive analytics, 

personalized healthcare enables early identification of 

disease risks. This allows for proactive interventions, 

potentially reducing the risk of developing chronic 

conditions like type-2 diabetes by up to 50% through 

targeted lifestyle modifications. 

 

• More effective treatments 

Tailoring treatments to an individual's genetic makeup, 

lifestyle, and environmental factors increases the 

likelihood of positive outcomes. For example, targeted 

cancer therapies based on genetic mutations have shown 

to increase survival rates by up to 35% compared to 

standard treatments. Factors such as – improved 

medication efficiency, better patient engagement, 

reduced healthcare costs, enhanced quality of life and 

improved diagnostic accuracies are taken care of better 

in personalised healthcare. 

 

Personalized healthcare reduces trial-and-error 

prescribing by considering an individual's genetic profile, 

leading to more effective medications with fewer adverse 

reactions. 
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When patients understand how treatments are tailored to 

their specific needs, they are more likely to adhere to 

care plans. This increased engagement has been shown to 

improve long-term outcomes by up to 40% in chronic 

disease management programs. 

 

Early intervention and more targeted treatments 

minimize unnecessary tests and hospitalizations. Studies 

indicate that predictive care models can reduce 

healthcare costs by 20-30%, particularly for chronic 

disease management. 

 

By identifying and addressing health risks early, 

personalized healthcare helps maintain a higher quality 

of life for patients, reducing the likelihood of disruptive 

and invasive treatments later on. 

 

Genetic and molecular profiling enables more precise 

diagnoses, leading to more effective treatment plans and 

better outcomes. 

 

In contrast, conventional healthcare often relies on 

standardized treatments based on population averages, 

which may not be optimal for individual patients. The 

personalized approach takes into account the unique 

characteristics of each patient, leading to more precise, 

effective, and efficient care delivery [Goetz, and Schork, 

2018]. 

 

2. Personalized Healthcare Management 
Driven by the integration of printed electronics (PE), 

artificial intelligence (AI), and robotic systems, is 

revolutionizing precision medicine by tailoring 

treatments to individual patient needs. This convergence 

enhances diagnostic accuracy, optimizes therapeutic 

interventions, and improves long-term outcomes through 

real-time monitoring and data-driven decision-making. 

Below, we highlight key advancements supported by 

experimental evidence. Printed electronics enable low-

cost, and scalable fabrication of conformal sensors that 

monitor vital signs and biochemical markers in real time. 

For instance, inkjet-printed gold electrode arrays 

integrated into smart bandages detect early-stage 

pressure ulcers by measuring localized impedance 

changes, achieving a 95% correlation with clinical 

assessments. These sensors also record high-fidelity 

electrocardiography (ECG) and electromyography 

(EMG) signals, with signal-to-noise ratios (SNR) >30 

dB, outperforming rigid electrodes in dynamic 

environments. Organic optoelectronic sensors further 

enable reflection-mode pulse oximetry, mapping 2D 

oxygenation levels on non-extremity body regions (e.g., 

forearms) with ±2% error compared to clinical 

oximeters4. Such innovations are critical for continuous, 

non-invasive monitoring in chronic disease management 

[Khan, 2018; Khan, 2020]. 

 

Currently evolving AI-driven predictive analytics and 

personalized interventions deploy AI algorithms to 

analyse multi-modal data - genomic, lifestyle, and real-

time sensor metrics—to predict disease risks and 

optimize therapies. For example, machine learning 

models trained on electronic health records (EHRs) 

predict surgical complications with 85% accuracy, 

outperforming traditional tools like the NSQIP risk 

calculator. In oncology, AI-driven genomic analysis 

identifies targetable mutations in >80% of cases, 

enabling tailored immunotherapy regimens that improve 

progression-free survival by 35%. Real-time AI 

platforms also adjust drug dosages dynamically; a hybrid 

system combining wearables and neural networks 

reduced hypoglycemic events in diabetics by 42% 

through adaptive insulin delivery. 

 

Robotic systems has been continuously evolved to 

enhance surgical precision, reducing complications and 

recovery times. A meta-analysis of robotic-assisted 

procedures reported 30% fewer postoperative infections 

and 25% shorter hospital stays compared to open 

surgery. Autonomous systems leveraging AI achieve 

88.8% diagnostic accuracy in preoperative planning, 

enabling patient-specific surgical workflows. 

Postoperatively, robotic exoskeletons personalize 

rehabilitation: stroke patients using AI-guided devices 

regained mobility 50% faster than conventional therapy 

cohorts. 

 

Integrating these technologies in essence creates 

dynamic patient profiles. For example, hybrid platforms 

combining printed sensors, AI analytics, and robotic 

actuators enable closed-loop management of chronic 

wounds. Smart bandages with pH sensors and AI-driven 

feedback reduced infection rates by 60% in diabetic 

patients through early intervention. Similarly, AI-robotic 

systems for medication dispensing achieve 99.9% dosage 

accuracy, minimizing adverse drug events [NOTE-01; 

NOTE-02; NOTE-03; Khan, 2018; Schork, 2019; 

Reddy, et al, 2023; Rivero-Moreno, et al, 2024]. 

 

By harmonizing real-time biosensing, predictive 

analytics, and precision robotics, personalized healthcare 

bridges gaps in accessibility and efficacy, promising 20–

40% improvements in treatment outcomes across chronic 

and acute conditions. 

 

Printed electronic sensor technology leverages advanced 

manufacturing techniques to deposit the functional inks 

onto flexible substrates like plastics, paper, or textiles, 

enabling cost-effective, scalable, and eco-friendly 

devices. Recent advancements highlight its 

transformative potential across industries, supported by 

experimental breakthroughs and market growth. Below is 

an elaboration with key updates: 

 

Printed electronics enable ultra-thin and bendable 

displays using organic light-emitting diodes (OLEDs) 

and organic thin-film transistors (OTFTs). For instance, 

inkjet-printed OLEDs on polyethylene terephthalate 

(PET) substrates now achieve luminance efficiencies of 

https://www2.eecs.berkeley.edu/Pubs/TechRpts/2020/EECS-2020-189.pdf
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> 80 cd/A with lifetimes exceeding 10,000 hours, 

rivalling conventional rigid displays. Roll-to-roll (R2R) 

printing techniques have reduced production costs by 

40% compared to vacuum-based methods, enabling mass 

adoption in wearables and foldable smartphones [Khan, 

2018; Schork, 2019; Olsen, 2025; THTR, 2025]. 

 

Printed RFID tags are revolutionizing logistics and IoT 

applications. Imec’s collaboration with Quad Industries 

and Agfa has produced ultra-flexible RFID tags with 

screen-printed antennas on plastic substrates, achieving 

read ranges of 3–5 meters and 99.9% inventory tracking 

accuracy. These tags, costing < $0.10 per unit, are ideal 

for smart packaging and contactless payment systems. 

Recent trials in retail reduced stock discrepancies by 

30% through real-time inventory monitoring. 

 

Printable sensors now detect gases, biomolecules, and 

mechanical strain with high precision. For example: 

 

Capacitive gas sensors using inkjet-printed carbon 

nanotube (CNT) electrodes detect NH₃ at 1 ppm levels 

with response times of < 10 seconds, outperforming 

traditional metal-oxide sensors. Disposable biosensors 

for glucose monitoring, fabricated via screen printing on 

paper, achieve ±5% accuracy compared to clinical 

assays, enabling low-cost diagnostics. Printed strain 

sensors on elastomeric substrates (e.g., PDMS) withstand 

> 50% elongation while maintaining < 2% hysteresis, 

critical for robotic tactile systems. Henkel’s 2023 sensor 

experience kit integrates four printed technologies 

(pressure, temperature, humidity, motion) for IoT 

prototyping, reducing development cycles by 60% [WP-

04; WP-05; Rivadeneyra, and López-Villanueva, 2020; 

Sharma, 2024]. 

 

3. Flexible and Printed Electronics - Cutting-edge 

Technologies and Future Trends  
Technological Advancements and Materials Innovation 

Bio-inks with enzyme-functionalized polymers enable 

real-time lactate detection in sweat (dynamic range: 0.1–

20 mM). 

 

Conductive silver inks sintered at <150°C now achieve 

sheet resistances of 0.1 Ω/sq, suitable for high-frequency 

RFID antennas. 

 

Manufacturing Techniques 

R2R gravure printing produces 10,000 sensors/hour with 

<5% defect rates, driving scalability. 

 

Atomic layer deposition (ALD)-enhanced ZnO layers on 

printed electrodes improve humidity sensitivity by 300% 

compared to untreated surfaces. 

 

Sustainability and Market Growth 

Printed sensors reduce e-waste through biodegradable 

substrates (e.g., cellulose-based films) and low-energy 

fabrication (<100°C processing vs. >1,000°C for 

silicon)1. The market is projected to grow at 8.47% 

CAGR, reaching $4.2 billion by 2030, driven by IoT and 

healthcare demand [WP-04; WP-5; WP-07; THTR, 

Rivadeneyra, and López-Villanueva, 2020]. 

 

Future Outlook 

Integration with AI and IoT is accelerating the farm 

sector deploying AI-driven sensor arrays in agriculture to 

detect soil moisture, pH, and pathogens simultaneously, 

boosting crop yields by 20%. 

 

Edge-computing-enabled printed sensors reduce data 

transmission latency by 80%, critical for industrial 

predictive maintenance. 

 

By merging advances in materials, printing techniques, 

and digital technologies, printed electronics are poised to 

redefine smart systems across sectors [WP-04; WP-08].  

Compared to numerous review papers published on 

personalized healthcare individually highlight several 

novel aspects and future predictions, the current one 

particularly discusses about its integration of 

experimental data, technological advancements, and 

actionable insights. Here’s a detailed analysis of its 

novelty and forward-looking perspectives in terms of its 

novelty in analysis, future predictions, and comparison 

with contemporary reviews. 

 

This review uniquely combines printed electronics (PE), 

artificial intelligence (AI), and robotics, showcasing their 

synergistic potential in personalized healthcare. While 

many reviews focus on individual technologies, this 

paper emphasizes their convergence to create dynamic 

patient profiles and enable closed-loop care systems. For 

example, the integration of AI-driven feedback with 

printed sensors (e.g., smart bandages) reduced infection 

rates by 60% in diabetic patients, a level of specificity 

often missing in broader reviews. 

 

The review highlights the role of real-time biosensing 

using printed sensors for continuous health tracking. 

Experimental evidence, such as inkjet-printed gold 

electrode arrays achieving a 95% correlation with 

clinical assessments for pressure ulcer detection, 

underscores practical applications. 

 

Unlike many theoretical discussions, this review 

provides measurable outcomes: 

 

AI algorithms predicting surgical complications with 

85% accuracy. Robotic-assisted surgeries reducing 

postoperative infections by 30% and hospital stays by 

25%. Hybrid systems combining wearables and AI 

reducing hypoglycemic events in diabetics by 42%. 

 

These data points strengthen the practical relevance of 

the proposed personalized healthcare framework. 

 

The review discusses how predictive care models reduce 

healthcare costs by 20–30%, particularly for chronic 

disease management. It also highlights the affordability 

https://phys.org/news/2024-03-team-global-roadmap-advance-printable.pdf
https://www.linkedin.com/company/altavantconsulting/
https://www.linkedin.com/company/altavantconsulting/
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of printed electronics (e.g., <$0.10 per RFID tag), which 

is often overlooked in conventional analyses. 

A unique addition is the focus on sustainability in printed 

electronics, such as biodegradable substrates and low-

energy fabrication methods (<100°C). This aligns with 

global trends toward eco-friendly healthcare solutions. 

 

The review predicts that AI-driven genomic analysis will 

become mainstream, identifying targetable mutations in 

over 80% of cases to enable tailored therapies. This 

aligns with ongoing advancements in precision oncology 

but extends to broader applications like preventive 

cardiology. 

 

By 2025, over 30% of U.S. adults are expected to use 

wearable health trackers integrated with personalized 

care platforms. This prediction reflects the growing 

adoption of IoT-enabled devices but also anticipates their 

deeper integration into healthcare ecosystems. 

 

Robotic exoskeletons are expected to personalize 

rehabilitation programs further, enabling stroke patients 

to regain mobility 50% faster than conventional 

therapies. This projection emphasizes the transformative 

potential of robotics beyond surgery. 

 

Edge-computing-enabled printed sensors are predicted to 

reduce data transmission latency by 80%, critical for 

industrial predictive maintenance and healthcare IoT 

systems. 

 

The global market for printed sensors is projected to 

grow at an 8.47% CAGR, reaching $4.2 billion by 2030. 

This growth is driven by increasing demand for IoT-

enabled healthcare solutions and cost-effective 

diagnostics. 

 

Future developments are expected to focus on hybrid 

platforms combining printed sensors, AI analytics, and 

robotic actuators for closed-loop management of chronic 

conditions like diabetes and cardiovascular diseases. 

 

While many reviews focus on specific technologies (e.g., 

AI or wearable devices), this paper integrates multiple 

disciplines - PE, AI, robotics - into a unified framework 

for personalized healthcare. 

 

The inclusion of experimental results (e.g., smart 

bandages achieving ±2% error compared to clinical 

oximeters) provides a stronger evidence base than 

theoretical discussions commonly found in other 

reviews. 

 

The emphasis on environmentally friendly 

manufacturing processes (e.g., R2R printing) sets this 

review apart from others that rarely address sustainability 

concerns. 

 

By quantifying benefits (e.g., reduced costs, improved 

outcomes), the review offers actionable insights for 

stakeholders in healthcare policy, technology 

development, and clinical practice. 

The present review paper stands out for its holistic 

approach to personalized healthcare by integrating 

cutting-edge technologies with real-world applications 

and experimental validation. Its emphasis on 

sustainability, cost-effectiveness, and future trends 

makes it highly relevant for advancing both research and 

practice in precision medicine. These novel elements 

position it as a forward-looking contribution compared to 

conventional reviews focused on isolated aspects of 

personalized care systems [MARR-01; Ricciardi, and 

Boccia, 2017; Goetz, and Schork, 2018; Lewy, et al, 

2019; Johnson, et al, 2021; Minvielle, et al, 2021; 

Junaid, et al, 2022; Aguilera-Cobos, et al, 2023;  

Rahman, et al, 2023; Chiapperino, et al, 2024; Cinti, et 

al, 2024; Zahra, et al, 2024]. Several more references are 

included to highlight various aspects of personalised 

healthcare management issues discussed by the experts 

in the related areas [Singh, et al, 2017; Xu, et al, 2017; 

Khan, et al, 2019; Rivadeneyra, and López-Villanueva, 

2020; Borghetti, et al, 2020; Maddipatla, et al, 2020; Su, 

et al, 2022; Alahi, et al, 2023; Jimenez, et al, 2023; 

Portilla, et al, 2023; Sinha, 2023; Howley, 2024; 

Pecunia, et al, 2024; Saad Alotaibi, et al, 2024;  GVR; 

IDTEX-01; IDTEX-02; INN-01; PW-01; TECH-01; 

Toray; WP-03; WP-04; WP-05; WP-07; WP-08]. 

 

The Latest Innovations in Printable Sensor 

Technologies 
These are transforming various industries with their 

flexibility, cost-effectiveness, and high-throughput 

production capabilities with the most significant 

advancements in areas like Hybrid Piezoresistive and 

Capacitive Sensors, Thin-Film Organic Image Sensors, 

Printed pH Sensors, Moisture Detection via RFID, 

Advanced Materials and Printing Techniques, Integration 

with IoT and AI, and Applications in Wearables and 

Healthcare as described below in short. 

 

These sensors combine the functionalities of capacitive 

touch and piezoresistive pressure detection. They are 

used in applications such as robot grippers and 

interactive surfaces, enabling both proximity detection 

and pressure measurement. For instance, they can 

illuminate buttons before contact and actuate only upon 

firm pressure, enhancing user interfaces in devices like 

smartphones and automotive systems [Dyson, 2021; 

FLSEN-01]. 

 

Organic image sensors are being developed for flexible 

displays and wearable devices. These sensors offer high 

sensitivity and can be integrated into various 

applications, including smart contact lenses and flexible 

displays for enhanced visual feedback [Dyson, 2021; 

NOTE-05]. 

 

Printed pH sensors are used in environmental monitoring 

and healthcare applications. They provide real-time 

monitoring of pH levels, which is crucial for detecting 

https://loop.frontiersin.org/people/1220070
https://loop.frontiersin.org/people/1220070
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changes in biological systems or water quality. Recent 

advancements include the use of graphene-based inks for 

improved sensitivity and stability [NOTE-05]. 

 

InviSense has developed a printable RFID-based 

moisture sensor that detects changes in capacitance due 

to moisture absorption. This technology is useful for 

non-destructive testing behind bathroom tiles and in 

smart buildings to prevent water damage [Dyson, 2021; 

NOTE-05]. 

 

Innovations in materials science are driving the 

development of more efficient and durable printable 

sensors. For example, 2D semiconductors, organic 

semiconductors, perovskites, and carbon nanotubes are 

being explored for their potential in detecting light, 

pressure, gases, and biological substances. Roll-to-roll 

and 3D printing techniques are enhancing scalability and 

reducing production costs [Gaur, 2024; NOTE-03]. 

 

Printed sensors are increasingly integrated with IoT and 

AI technologies to enhance device functionality. They 

enable real-time data processing and edge computing, 

which is critical for applications like autonomous 

vehicles and smart buildings [Gaur, 2024; NOTE-03]. 

 

Printable sensors are pivotal in wearable health 

monitoring devices, such as glucose biosensors and 

biometric authentication systems. They offer non-

invasive, continuous monitoring of vital signs and 

biochemical markers, improving patient outcomes and 

personalized healthcare [Critchley, 2023]. 

 

3. Market Growth and Future Trends 
The market for printed sensors is projected to grow 

significantly, driven by their versatility and cost-

effectiveness. Emerging trends include the integration of 

printed sensors into automotive interiors for enhanced 

safety and interactive surfaces, as well as their use in 

smart agriculture for monitoring soil conditions [Gaur, 

2024; Howley, J., and  Skyrme].  

 

Recent advancements in thin-film organic image sensors 

have significantly improved their performance, 

versatility, and applicability across industries. Below is a 

structured overview of key developments like Material 

Innovations for Enhanced Light Detection supported by 

experimental data and citations as described in terms of 

Short-Wave Infrared (SWIR) Sensitivity, Small-

Molecule Organic Layers, Architectural Advances in 

Sensor Design, Pinned Photodiode (PPD) Integration, 

Monolithic Hybridization with CMOS, Improved 

Manufacturing and Flexibility, Wafer-Level Post-

Processing, Flexible Substrates 

 

A novel molecule, [1–3]triazolo[4,5-f]−2,1,3-

benzothiadiazole (TBzC), enables organic photodetectors 

(OPDs) to absorb SWIR light (0.50–1.21 μm 

wavelengths) with an external quantum efficiency (EQE) 

of 26% at 0 V bias and 41% under reverse bias. This 

breakthrough expands applications in environmental 

monitoring and night vision [S-NEWS]. 

Thermally evaporated small-molecule organic films 

(e.g., in hybrid CMOS-OPD sensors) achieve uniform 

deposition and tunable absorption spectra, enabling high-

resolution imaging with 100% fill factor [NEWS-04]. 

 

Researchers at imec integrated a PPD structure into thin-

film image sensors using indium-gallium-zinc-oxide 

(IGZO) transistors and organic photodiodes. This 

reduced read-out noise to 6.1 e⁻ (vs. >100 e⁻ in 

conventional sensors), improving signal-to-noise ratios 

(SNR) for clearer imaging in low-light conditions 

[Brown, 2022]. 

 

Direct integration of organic photodiodes on CMOS 

readout circuits eliminates cross-talk and enhances 

sensitivity. For example, Fujifilm and Panasonic’s 

organic CMOS sensors achieve higher dynamic range 

and extreme-angle light capture, enabling compact 

camera designs with wide-aperture lenses [NEW-03; IS]. 

 

Thin-film organic photodiodes are monolithically 

deposited on CMOS substrates, enabling scalable 

production. This approach allows the use of diverse 

light-absorbing materials (e.g., perovskites, QDs) 

without redesigning readout circuits [POST-02]. 

 

Organic thin-film transistors (OTFTs) and photodetectors 

on plastic or elastomeric substrates enable bendable, 

lightweight sensors for wearables and curved imaging 

systems [Reese, et al, 2004; Anabestani, et al, 2022]. 

 

Performance Metrics and Applications 

Thin (~100 nm) organic photoactive layers capture more 

photons than silicon, enhancing low-light performance. 

Hybrid sensors demonstrate >30 dB signal-to-noise 

ratios in flexible OPDs [Anabestani, et al, 2022]. Organic 

SWIR sensors enable applications in autonomous 

vehicles (e.g., LiDAR) and medical imaging (e.g., tissue 

analysis) [S-NEWS; Brown, 2022]. Roll-to-roll printing 

reduces production costs by 40% compared to vacuum-

based methods, accelerating adoption in consumer 

electronics [Brown, 2022]. 

 

Industry Collaborations and Future Directions 

Commercial Partnerships with Fujifilm and Panasonic’s 

organic photoconductive film (OPF) CMOS sensors 

highlight industry efforts to replace silicon photodiodes 

with organic layers for improved highlight retention and 

reduced noise [IS; NEWS-03]. Research into perovskites 

and QDs aims to further enhance spectral range and 

efficiency [Brown, 2022; Anabestani, et al, 2022]. 

 

These advancements position thin-film organic image 

sensors as viable alternatives to silicon, offering lower 

noise, broader spectral sensitivity, and flexible form 

factors for next-generation imaging systems. 

  

Thin-film Organic Image Sensors and Traditional 
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Image Sensors  

Thin-film organic image sensors (e.g., organic CMOS 

sensors) offer several performance advantages over 

traditional silicon-based image sensors, particularly in 

terms of dynamic range, sensitivity, color reproduction, 

and design flexibility. Some details of comparison based 

on recent advancements and experimental results are 

listed below such as - Dynamic Range, Sensitivity, 

Incident Angle Range, Colour Reproduction, Global 

Shutter Functionality, Manufacturing Flexibility, and 

Applications. 

 

Nearly double of the dynamic range of the conventional 

silicon sensors has been noted in Thin-Film Organic 

Sensors reaching nearly 88 dB. This high dynamic range 

prevents highlight clipping in bright scenes and captures 

vivid details in low-light conditions, making them ideal 

for applications like HDR imaging and surveillance [PR-

01; DISCL-2013]. 

 

Traditional Sensors are limited by trade-offs between 

sensitivity and saturation, resulting in lower dynamic 

range. 

 

Thin-Film Organic Sensors coated with an organic 

photoelectric conversion layer become capable of 

harvesting all incident light without interference from 

metal interconnects or light-shielding films. This design 

improves sensitivity by 1.2x, enabling clear imaging 

even in low-light environments [PR-01; DISCL-2013]. 

Additionally, organic materials can be tuned to absorb 

specific wavelengths, enhancing sensitivity across visible 

and infrared spectra [N-REL]. Silicon-based photodiodes 

have lower absorption efficiency due to their thicker 

structure (~3 microns), which limits the amount of light 

collected [PR-01]. 

 

The thin organic film (0.5 microns) deployed in sensors 

expands the range of incident angles to 60°, compared to 

30–40° in silicon sensors. This allows for more accurate 

color reproduction and greater flexibility in lens design, 

enabling compact camera systems [PR-01; DISCL-

2013]. 

 

Limited angle range of Traditional Sensors often results 

in color mixing and reduced efficiency for off-axis light. 

Accurate colour reproduction under various light 

sources, including challenging environments like plant 

factories or health monitoring setups is exhibited by 

Thin-Film Organic Sensors. Advanced spectral 

characteristics and reduced color crosstalk enable these 

sensors also excel at capturing subtle color changes in 

living organisms or other delicate subjects [ISW; BLOG-

2023] 

 

Traditional Sensors struggle with accurate color 

separation due to the Bayer filter array and limitations in 

handling oblique incident light. 

 

Thin-Film Organic Sensors enable global shutter 

operation by controlling sensitivity through voltage 

modulation of the organic film. This eliminates motion 

artifacts and is particularly beneficial for high-speed 

imaging applications like robotics or autonomous 

vehicles [PR-02; BLOG-2023] 

 

Traditional Sensors often rely on rolling shutters, which 

can introduce distortions during fast motion. 

 

Thin-Film Organic Sensors can be produced using cost-

effective methods like spray-coating or spin-coating, 

reducing manufacturing complexity while maintaining 

high performance. Their thin-film structure supports 

flexible substrates, enabling lightweight and bendable 

designs for wearables or compact devices [N-REL]. 

 

Traditional Sensors require more complex post-

processing steps (e.g., microlens application) and are 

limited to rigid substrates. 

 

Thin-film organic sensors are increasingly being used in 

- High-dynamic-range photography; 

 

Compact cameras with wide-aperture lenses; Health 

monitoring (e.g., skin condition analysis) 

 

Industrial inspection (e.g., fruits/vegetables quality 

control) [BLOG-2023]. The comparison described above 

is summarised in Table 2. 

 

 

Table 2. 

Feature Thin-Film Organic Sensors Traditional Silicon Sensors 

Dynamic Range 88 dB Lower (~70 dB) 

Sensitivity 1.2× higher Standard 

Incident Angle Range Up to 60° 30–40° 

Color Reproduction Superior (reduced crosstalk) Limited 

Global Shutter Yes Rolling shutter common 

Flexibility Thin, bendable substrates supported Rigid only 

Manufacturing Cost Lower (spray/spin coating possible) Higher 

 

The thin-film organic image sensors outperform 

traditional silicon-based sensors in key areas such as 

dynamic range, sensitivity, color fidelity, and flexibility. 

These advantages make them well-suited for next-

generation imaging systems across diverse fields like 

healthcare, industrial automation, and consumer 

electronics [PR-01; DISC-2013; BLOG-2023]. 
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Potential challenges in mass-producing organic image 

sensors 

The mass production of organic image sensors faces 

several challenges, primarily related to material stability, 

fabrication scalability, and performance consistency. 

Below is a detailed overview of these challenges based 

on the latest research and experimental findings by 

considering factors like - Material Stability, Thermal 

Sensitivity, and Long-Term Durability.  

 

Organic materials often degrade at high temperatures 

used in post-processing steps, limiting their compatibility 

with standard CMOS fabrication methods. For instance, 

many organic photodetectors cannot withstand 

temperatures above 150°C without losing functionality, 

which poses a significant challenge for integrating them 

into existing manufacturing pipelines [S-NEWS; Brown, 

2022; NEWS-05]. 

 

Organic materials are prone to instability under 

prolonged use at moderate temperatures (e.g., 85°C). 

Recent advancements, such as the introduction of a 

mixed buffer layer (e.g., bathocuproine (BCP):C60), 

have improved thermal stability, allowing devices to 

operate for 30 days at 85°C with minimal degradation [S-

NEWS; Brown, 2022; NEWS-05]. 

 

Scalability of Fabrication (Uniformity Issues and 

CMOS Integration 

Achieving uniform deposition of organic layers over 

large areas is challenging. Techniques like spin-coating 

or spray-coating often result in non-uniform thicknesses, 

impacting device performance consistency [NEWS-03]. 

 

While hybrid designs combining organic photodetectors 

with silicon readout circuits show promise, ensuring 

seamless integration at scale remains complex. 

Researchers have demonstrated hybrid RGB sensors with 

reduced crosstalk between color pixels by introducing 

mixed buffer layers, but scaling this to mass production 

requires further optimization [S-NEWS; Brown, 2022; 

NEWS-04]. 

 

Performance Optimization (Detectivity and Noise, 

and Colour Crosstalk) 

Organic photodetectors historically exhibit higher dark 

currents and lower detectivity compared to silicon-based 

counterparts. However, modifications like the BCP:C60 

buffer layer have significantly reduced noise and 

improved detectivity to levels comparable to silicon 

photodiodes [S-NEWS; Brown, 2022]. 

 

Organic layers can suffer from color crosstalk due to 

overlapping absorption spectra. Recent innovations in 

green-sensitive organic photodiodes with mixed buffer 

layers have minimized this issue, enabling vivid image 

recognition and high frame rates in hybrid sensors [S-

NEWS, NEWS-04]. 

 

Organic materials are highly sensitive to environmental 

factors like moisture and oxygen, which can degrade 

performance over time. Encapsulation techniques are 

required but add complexity and cost to the 

manufacturing process [NEWS-03]. 

 

While organic materials are inherently low-cost, the 

additional steps required for improving stability (e.g., 

encapsulation or hybrid integration) can offset this 

advantage. Roll-to-roll printing techniques offer potential 

for cost-effective production but require further 

refinement for high-resolution applications [NEWS-03; 

NEWS-05]. 

 

Current organic image sensors struggle to achieve pixel 

densities comparable to silicon-based sensors due to 

limitations in organic thin-film transistor (OTFT) 

backplanes. Research into IGZO (indium-gallium-zinc 

oxide) backplanes is underway to address this issue by 

enabling smaller pixel pitches and larger array sizes 

[NEWS-03]. 

 

Recent Advancements Addressing Challenges 

Researchers have developed transparent green-sensitive 

organic photodiodes that operate stably under elevated 

temperatures (up to 150°C for two hours) and exhibit 

long-term operational stability at moderate temperatures 

(85°C for 30 days) [S-NEWS; Brown, 2022] 

 

Hybrid designs combining organic photodetectors with 

silicon photodiodes have demonstrated improved 

dynamic range (88 dB) and reduced color crosstalk, 

making them suitable for applications like fingerprint 

recognition and heart-rate monitoring [S-NEWS; NEWS-

04]. 

 

The introduction of advanced buffer layers has enhanced 

efficiency while reducing noise, making these sensors 

more competitive with traditional silicon-based devices 

[Brown, 2022; NEWS-05]. 

 

While significant progress has been made in addressing 

the challenges of mass-producing organic image sensors, 

issues like thermal stability, scalability, and 

environmental sensitivity remain key hurdles. Continued 

innovations in material science (e.g., buffer layers), 

manufacturing techniques (e.g., roll-to-roll printing), and 

hybrid integration are critical for realizing their full 

potential in commercial applications such as wearable 

devices, medical imaging, and optoelectronics. 

 

Highly sensitive green-light absorbing transparent 

organic photodetectors compatible with CMOS 

fabrication methods [S-NEWS; Brown, 2022] 

 

Stability improvements using BCP:C60 mixed buffer 

layers for long-term operation [S-NEWS; NEWS-05]. 

 

Hybrid RGB imaging sensor design minimizing colour 
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crosstalk [S-NEWS; NEWS-04]. 

 

IoT and PE (Moisture and Oxygen Degradation) 

The convergence of Internet of Things (IoT) and printed 

electronics has created transformative opportunities for 

creating information of things systems that enable 

seamless integration of smart sensing, monitoring, and 

communication capabilities into everyday objects. The 

global printed electronics market has reached $82.6 

billion in 2024 and is projected to grow to $260.7 billion 

by 2033, representing a CAGR of 12.94%. This growth 

is primarily driven by IoT integration, with Forbes 

projecting over 200 billion IoT devices to be connected 

online by the end of 2024 [IMARC; Milovancev, 2025]. 

 

Smart Clothing and Textile Integration 

Recent developments in printed wearable electronics 

have incorporated advanced nanomaterials for enhanced 

functionality. Lead sulphide (PbS) quantum dots 

combined with multi-wall carbon nanotubes (MWCNTs) 

have been successfully integrated into flexible 

photodetectors on PET substrates, enabling heart rate 

monitoring in both red and near-infrared ranges. These 

sensors demonstrate 1% error rates with high 

sensitivity for pulse monitoring applications [Khan, et al, 

2019]. 

 

Graphene oxide-based sensors embedded in wearable 

masks equipped with RFID functionality enable 

continuous breath monitoring3. Functionalized graphene 

films allow simultaneous monitoring of multiple 

physiological signals and volatile organic compounds 

(VOCs), with sensors capable of detecting breathing 

movements through magnetic vector changes during 

sleep monitoring applications [Khan, et al, 2019]. 

 

Multi-Modal Physiological Monitoring 

Advanced printed sensor arrays now combine three 

sensors (skin temperature, skin conductance, and pulse 

rate) for human stress level detection3. These multilayer 

structures utilize flexible piezoelectric membranes on 

perforated polyimide substrates, providing highly 

responsive sensors for wearable multimodal 

physiological and emotional monitoring [Khan, et al, 

2019]. 

 

Screen-printed strain sensors based on MWCNT pastes 

on textile substrates enable breathing-rate measurements 

through chest expansion and contraction monitoring. The 

integration of MWCNT/PDMS nanocomposites provides 

respiratory-rate monitoring using capacitive structures 

with interdigitated electrodes (IDEs) [Khan, et al, 2019]. 

 

Smart Packaging Innovations (Integrated Electronic 

Components) 

Smart packaging has evolved beyond basic RFID tags to 

incorporate multiple electronic functionalities 

[ARTICLE-04; Roberge, 2019] The global smart 

packaging market is expected to reach $48 billion in 

2024, with printed electronics contributing significantly 

to this growth [NOTE-04]. Advanced smart packaging 

now integrates various components like - Temperature 

and humidity sensors, Ultra-flat lighting elements, 

Sustainable Energy Solutions, Sustainable Energy 

Solutions, and Printed rechargeable batteries as described 

in short below.  

 

Temperature and humidity sensors with RFID 

functionality enable comprehensive cold chain 

monitoring. These sensors ensure product quality and 

freshness by continuously monitoring environmental 

conditions during transportation and storage [PE-PAC]. 

 

Ultra-flat lighting elements printed directly onto 

cardboard materials create luminous packaging that 

emits light on retail shelves. Interior packaging can be 

equipped with impressive lighting effects that enhance 

the unboxing experience [PE-PAC]. 

 

Sustainable Energy Solutions comprising of innovative 

powering technologies for smart packaging include bio-

enzymatic fuel cells developed by BeFC, which use 

biological catalysts to convert natural substrates into 

electricity. These paper-based, ultra-thin, eco-friendly 

fuel cells provide sustainable energy generation for low-

power applications [ARTICLE-04]. 

 

Printed rechargeable batteries combined with 

electrochromic displays represent a breakthrough in self-

powered packaging. The collaboration between Evonik, 

Epishine, and Ynvisible has produced self-powered 

smart signage using printed batteries, solar cells, and 

electrochromic displays [ARTICLE-04]. 

 

Environmental Monitoring Systems 

This monitoring system comprises of Advanced Sensor 

Networks, chemical IoT system, Chemical sensor IoT 

systems, and Biodegradable Environmental Sensors. 

 

Printed sensors for environmental monitoring 

demonstrate high sensitivity and accuracy in detecting 

pollutants, temperature variations, humidity levels, and 

critical environmental parameters. These sensors operate 

effectively under various environmental conditions, 

making real-time monitoring feasible in both urban and 

remote settings [Papanikolaou, et al]. 

 

Chemical sensor IoT systems have been developed for 

continuous monitoring of chemical leaks. These sensors 

are printed on flexible plastic substrates that can be 

wrapped around pipework, incorporating batteries and 

electronics for Bluetooth data transmission. The system 

sends data to dashboards with alarm conditions upon 

detecting leaks [SENSOR]. 

 

Recent advances include printed eco-resorbable 

temperature sensors based on photonic sintering of zinc 

microparticles ink on cellulosic substrates. These 

resistance temperature detectors (RTDs) offer sustainable 

solutions for environmental monitoring applications 

https://pmc.ncbi.nlm.nih.gov/articles/PMC6427552/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6427552/
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while minimizing electronic waste [Fumeaux, et al, 

2023]. 

The integration of RFID sensing systems with cellulose-

based transparent substrates enables complete soil 

monitoring. These flexible, customizable RFID tags 

integrate printed antennas and sensors for comprehensive 

environmental data collection [Gómez-Gijón, et al, 

2025]. 

 

Manufacturing Scalability and Sustainability 

Various functional components need consideration in 

this context such as Roll-to-roll (R2R) printing, 

Advanced Material Systems, Bio-based polyethylene and 

copper inks and advanced ink formulations. 

 

Roll-to-roll (R2R) printing enables massive scalability 

with unprecedented cost and energy efficiencies [NOTE-

11]. This manufacturing approach offers significant 

advantages over traditional electronics production 

comprising of 86% reduction in environmental impact 

through additive manufacturing processes [PR-12], 

Elimination of chemical etching and plating processes, 

reducing solid waste, liquid effluent, and airborne 

emissions [Bech, 2025] and Material usage optimization 

through additive rather than subtractive manufacturing 

[PDR-01]. 

 

Recent developments of sustainable materials - Bio-

based polyethylene and copper inks 

These formulations can minimize global warming 

potential by up to 39%, from 42g CO₂ eq to 25.7g CO₂ 
eq per sensor tag. Screen printing coupled with intense 

pulse light curing emerges as the most eco-efficient 

manufacturing combination [Zikulnig, et al, 2025]. 

Conductive ink formulations utilizing abundant materials 

like copper and carbon-based alternatives replace 

environmentally impactful silver inks. These alternatives 

provide further reduction to the environmental footprint 

while maintaining electrical performance [PR-12]. 

 

ADVANCED IoT DEVICE APPLICATIONS 

Flexible Hybrid Electronics (FHE) 

The flexible electronics market reached $29.66 billion in 

2024 and is projected to grow to $79.49 billion by 2034, 

exhibiting a CAGR of 10.4% [PM-4304]. 

 

Key applications include 

Automotive sensing and heating systems utilize 

flexible displays, sensors, and lighting integrated into 

dashboards and infotainment systems. Autonomous and 

electric vehicles rely heavily on flexible electronics for 

lightweight, durable components such as flexible battery 

monitors and curved touchscreens [PM-4304]. 

 

Industrial asset tracking systems demonstrate FHE 

potential through multi-sensor wireless monitoring 

capabilities. Capacitive sensors integrated into floors and 

wall panels enable comprehensive building monitoring 

[FHE-R]. 

 

NASA's Printable IoT Platform 

NASA has developed a ‘low-power wireless platform’ 

for evaluating sensors printed on flexible polyimide 

substrates [NASA-TTP; TECH-B]. The platform 

integrates Bluetooth low energy (BLE) hardware, 

sensors, and sensor fusion software, including: 

• Programmable system-on-chip (PSoC) 

microcontroller with 48 MHz maximum frequency 

• Commercial sensor suite including inertial, 

environmental, and gas sensors 

• Prototyping area for custom-printed sensors with 

2×4 mm co-doped barium titanate sensing elements 

[TECH-B]. 

 

The platform has been successfully used for respiration 

and environmental monitoring sensors aboard the 

International Space Station [NASA-TTP; TECH-B]. 

 

MARKET DYNAMICS AND FUTURE 

PROJECTIONS   

 

Regional Growth Patterns 

Asia Pacific leads the flexible electronics market with 

projected growth from $7.74 billion in 2024 to $38.54 

billion by 2034, at an 18% CAGR [PE-MS]. This growth 

is driven by: 

• Large-scale electronic component manufacturing 

capabilities 

• Increased R&D investments in printed electronics 

• Widespread adoption of advanced consumer 

electronics [PE-MS]. 

 

Emerging Applications 

The printed and flexible sensors market was valued at 

$1.4 billion in 2022 and is projected to reach $4.1 billion 

by 2031, representing a CAGR of 13.4% [EL-BUZZ]. 

Key growth drivers include the followings namely - 

Increasing demand for lightweight, low-cost, flexible 

sensing solutions, Healthcare applications requiring high 

stretchability and comfort, and  Smart city infrastructure 

requiring unobtrusive environmental monitoring [EL-

BUZZ]. 

 

Technical Challenges and Solutions 

Material Compatibility for Screen printing 

technologies face substrate material limitations and ink 

formulation challenges when scaling to commercial 

production [TB-01]. Critical considerations include - 

Conductive ink viscosity, resistance, particle size, and 

adhesion compatibility with printing processes and 

substrates, Substrate thickness, sheet size, flexibility, and 

surface treatment requirements for mass production. 

Dielectric material integration for complex multi-layer 

printed electronics [NEWS-23]. 

 

Process Optimization 

Manufacturing process selection significantly impacts 

environmental footprint. Aerosol Jet printing 

demonstrates high power consumption (2 kW) and slow 

processing speeds, while screen printing offers the 
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lowest global warming potential but requires higher ink 

consumption [PE-FAB]. The transition from laboratory 

to fabrication requires addressing scalability challenges 

including material waste reduction, processing speed 

optimization, and quality control standardization [PE-

FAB]. 

 

This comprehensive integration of IoT and printed 

electronics continues to drive innovation across multiple 

sectors, with particular promise for advancing 

sustainable electronics manufacturing, personalized 

healthcare monitoring, and smart city infrastructure 

development. The technology's ability to combine 

flexibility, cost-effectiveness, and environmental 

sustainability positions it as a cornerstone technology for 

the next generation of connected devices and systems. 

 

4. WIRELESS NETWORKS FOR IoT 

4.1 Wireless Network Technologies for IoT 

Wi-Fi 6E and Wi-Fi 7 Advancements 

Wi-Fi 6E represents a transformative advancement in 

IoT connectivity, introducing access to the previously 

uncrowded 6 GHz frequency band [POST-01; REPORT-

02]. The 6 GHz spectrum offers more than double the 

usable channels of 2.4 GHz and 5 GHz bands combined, 

providing 1.2 GHz of interference-free bandwidth. 

Industrial evaluations demonstrate Wi-Fi 6E's superior 

performance in handling massive device deployments 

with uplink traffic optimization and enhanced multi-user 

accessing capabilities [Rong, 2021]. 

 

Recent performance studies reveal Wi-Fi 6E achieves 

theoretical maximum data rates of 9.6 Gbps compared to 

Wi-Fi 5's 6.9 Gbps [REPORT-02]. Wi-Fi 7, emerging in 

2024, delivers unprecedented maximum data rates up to 

46 Gbps with 4096-QAM modulation (versus 1024-

QAM in Wi-Fi 6E). Advanced features include multi-

chassis link aggregation (MLAG), coordinated 

beamforming, and MU-MIMO 16x16 capabilities 

[CASE-S]. 

 

5G IoT and Massive Machine-Type Communications 

(mMTC) 

5G connectivity has reached 128 countries globally with 

transformative implications for IoT applications [POST-

05]. The technology enables 10 times more devices per 

square kilometre than 4G while providing latency 

reduction to sub-10ms compared to 4G's 50-100ms 

[POST-07]. 5G mMTC (Massive Machine-Type 

Communications) specifically addresses IoT 

requirements with support for up to 1 million devices per 

square kilometer [POST-08]. 

 

5G RedCap (Reduced Capability) technology, introduced 

in 2024, prioritizes affordability and reduced complexity 

for IoT devices. RedCap provides download speeds up to 

150 Mbps, upload speeds of 50 Mbps, and latency under 

100ms, making it particularly suitable for high-quality 

video transmission in surveillance applications [POST-

09]. 

 

LPWAN Technology Evolution 

Low-Power Wide-Area Network (LPWAN) technologies 

have achieved significant market penetration, with 

comprehensive comparison data showing distinct 

performance characteristics [IoT-BASICS]: 

 

Technology Comparisons 

Technology Range Data Rate 
Power 

Consumption 

Frequency 

Band 
Key Applications 

LoRa/LoRaWAN 2-15km 0.3-50 Kbps Very Low Sub-GHz 

Asset tracking, 

Environmental 

monitoring 

Sigfox Up to 40km 100 bps Very Low Sub-GHz Ultra-long-range sensing 

NB-IoT 1-10km 250 Kbps Low 
Licensed 

bands 

Smart metering, Building 

penetration 

Cellular (4G/5G) Several km Up to 1 Gbps+ High 
Licensed 

bands 

Connected vehicles, 

Mobile applications 

 

NB-IoT integration into 5G networks enhances 

performance for low-power indoor applications while 5G 

provides wide-area coverage and high-bandwidth support 

[POST-07]. 

 

4.2 Bluetooth Technology for IoT - Advanced 

Developments 

Bluetooth 6.0 Revolutionary Features 

Bluetooth 6.0, officially released in September 2024, 

introduces groundbreaking capabilities that transform 

IoT connectivity. The standout innovation is Bluetooth 

Channel Sounding, enabling centimetre-level accuracy 

(within 10cm) for distance measurement between 

devices [POST-11; POST-12; POST-13, POST-14].  

Channel Sounding utilizes Phase-Based Ranging (PBR) 

technology with two-way ranging capabilities between 

Bluetooth LE devices [Koulouras, et al, 2025]. This 

enables secure proximity-based applications including 

digital keys for vehicles, smart locks, and access control 

systems where authorization depends on precise distance 

verification [POST-13]. 

 

Decision-Based Advertising Filtering and Advanced 

Scanning 

Decision-Based Advertising Filtering optimizes power 

consumption by allowing scanning devices to evaluate 

primary advertising channel content before scanning 

secondary channels. [POST-11; 13]. This reduces 



Tarannum et al                                                                    World Journal of Pharmaceutical and Medical Research 

www.wjpmr.com       │      Vol 11, Issue 9, 2025.      │        ISO 9001:2015 Certified Journal        │ 125 

unnecessary power consumption and improves scanning 

efficiency - particularly crucial for battery-powered IoT 

devices [POST-13]. 

 

Monitoring Advertisers feature uses Host Controller 

Interface (HCI) to track when devices of interest move in 

and out of range, providing real-time presence detection 

capabilities [POST-11; 13]. 

 

Bluetooth Low Energy 5.4 Enhancements 

BLE 5.4 incorporates Periodic Advertising with 

Responses (PAwR) technology that addresses Wi-

Fi/BLE coexistence challenges. This feature enables 

scheduled communication slots that minimize 

interference between BLE and Wi-Fi operating in the 

same 2.4 GHz band [POST-16]. 

 

Extended range capabilities in BLE Long Range mode 

achieve up to 1.4 km connectivity using LE Coded PHY 

with Forward Error Correction [Koulouras, et al, 2025; 

N-MOD]. 

 

Two coding schemes provide flexibility 

S=2: 500 kbps data rate with increased range 

S=8: 125 kbps data rate with maximum range up to 

400m in optimal conditions [Koulouras, et al, 2025]. 

 

4.3 Features of Bluetooth for IoT - Technical 

Specifications 

Power Efficiency Optimization 

BLE 5.4 devices demonstrate exceptional power 

efficiency with coin-cell battery operation extending to 

multiple years [IT-SONIX]. Advanced power 

management includes automated peripheral power 

management and dual on-chip DC/DC regulators 

supporting flexible power supply ranges from 1.7V to 

5.5V [N-MOD]. 

 

Ultra-low power consumption typically ranges from 

microamperes to milliamperes depending on operational 

mode. Practical data rates achieve 0.27 Mbps with 

theoretical maximums of 2 Mbps [IT-SONIX]. 

 

Advanced Communication Capabilities 

BLE 6.0 supports up to 128 connected devices per 

master (compared to Classic Bluetooth's 7 devices). The 

protocol utilizes 40 channels, each 2 MHz wide, with 

adaptive frequency hopping algorithms optimizing 

performance and minimizing interference [IoT BASICS]. 

 

Ultra-Wideband (UWB) integration provides 

complementary capabilities with positioning accuracy 

superior to narrow-band systems. UWB operates across 

3.1 GHz to 10.6 GHz spectrum with channels at least 

500MHz wide (versus Bluetooth's 1-2MHz channels) 

[IoT BASICS]. 

 

 

 

 

4.4 Cases of Bluetooth in IoT - Real-World 

Applications 

Healthcare and Wearable Technologies 

Multi-modal physiological monitoring systems integrate 

three-sensor arrays (skin temperature, skin conductance, 

pulse rate) for comprehensive health tracking. Advanced 

implementations use graphene oxide-based sensors in 

wearable masks with RFID functionality enabling 

continuous breath monitoring and volatile organic 

compound (VOC) detection [Khan, et al, 2019]. 

 

Heart rate monitoring systems achieve 1% error rates 

using lead sulphide quantum dots combined with multi-

wall carbon nanotubes on flexible PET substrates. These 

sensors operate effectively in both red and near-infrared 

ranges [Khan, et al, 2019]. 

 

Industrial IoT and Asset Tracking 

BLE mesh networking enables large-scale sensor 

networks supporting over 32,000 nodes with maximum 

127 hops message routing [BT-MESH; BT-GUIDE]. 

Directed Forwarding, introduced in Bluetooth mesh 

enhancements, minimizes unnecessary message flooding 

and reduces power consumption while improving 

network efficiency [BLOG-22]. 

 

Industrial asset tracking systems utilize BLE beacons 

with Channel Sounding technology providing 

centimetre-level precision for location services [BLOG-

13]. Remote Provisioning capabilities allow network 

expansion without physical access to devices [BLOG-

22]. 

 

Smart Home and Building Automation 

Smart building applications leverage BLE for occupancy 

management, energy efficiency optimization, and visitor 

experience enhancement6. Subnet Bridging features 

enable selective communication between different 

building zones while maintaining security isolation 

[BLOG-22]. 

 

IoT-enabled building materials integrate printed BLE 

sensors for structural integrity monitoring, temperature 

control, and lighting management. These systems utilize 

flexible substrates that can be embedded directly into 

construction materials [SENSORS]. 

 

4.5 Security Considerations - Advanced Threat 

Analysis 

Current IoT Security Landscape 

2024 IoT security incidents highlight critical 

vulnerabilities across device categories [TSBR; IORM]. 

Major breaches include AVTECH IP camera 

vulnerabilities exploited in critical infrastructure 

[TSBR], smart home device compromises affecting 

thousands of consumers, and Industrial IoT attacks 

disrupting European manufacturing plants [IORM]. 

 

IoT device proliferation has reached 18.8 billion 

connected devices globally in 2024 (13% growth) 

https://newsroom.ibm.com/5G-accelerate-IOT
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[Sinha, S., 2024], creating an expanded attack surface. 

Bitdefender's analysis of 50 million IoT devices revealed 

over 9.1 billion security events, demonstrating the scale 

of ongoing threats [WP-26]. 

 

BLE Security Protocol Evolution 

LE Secure Connections (introduced in Bluetooth 4.2) 

utilizes Elliptic Curve Diffie-Hellman (ECDH) key 

exchange, providing 128-bit AES-CCM encryption with 

eavesdropping protection and MITM attack resistance 

[WP-27]. Legacy Bluetooth 4.0/4.1 devices remain 

vulnerable to key brute-force attacks (sometimes within 

seconds) [WP-28]. 

 

Security implementation hierarchy for BLE includes 

[WP-29] 

Security Mode 1 Level 4: Authenticated secure 

connections with ECDH and AES-CCM encryption 

(highest security) 

 

Security Mode 1 Level 3  

Authenticated pairing with encryption. 

 

Security Mode 1 Level 2  

Unauthenticated pairing with encryption. 

 

Security Mode 1 Level 1  

No security (not recommended for IoT) [WP-30]. 

  

Advanced Attack Vectors and Mitigation 

Channel Sounding security enhancements in Bluetooth 

6.0 provide robust security layers ensuring only 

authorized users can access secure areas when within 

precise range [BLOG-13]. This addresses proximity-

based security system vulnerabilities. [WP-32] 

 

Contemporary attack vectors include [BLOG-28; WP-

32]: 

Method Confusion Attacks: Exploiting unencrypted 

pairing messages to change IOCap fields 

Key Downgrade Attacks: Reducing entropy from 16 

bytes to 1 byte for Long Term Keys 

KNOB (Key Negotiation of Bluetooth) Attacks: 

Weakening encryption in Bluetooth Classic connections 

InjectBLE Race Condition Attacks: Exploiting window 

widening features to insert malicious frames [WP-32]. 

OWASP IoT Top 10 Security Framework 

OWASP IoT Top 10 vulnerabilities for 2025 identify 

critical security gaps [WP-33]: 

Weak, Guessable, or Hardcoded Passwords: Affecting 

majority of tested IoT devices 

Insecure Network Services: Utilizing unencrypted 

protocols and outdated software 

Insecure Ecosystem Interfaces: Compromising APIs and 

mobile interfaces 

Lack of Secure Update Mechanism: Preventing security 

patch deployment 

Using Insecure or Outdated Components: Creating 

inherited vulnerabilities 

Insufficient Privacy Protection: Exposing personal data 

Insecure Data Transfer and Storage - Using unencrypted 

communication protocols 

Absence of Device Management - Lacking effective 

lifecycle management 

Insecure Default Settings - Maintaining manufacturer 

default configurations 

Lack of Physical Hardening - Insufficient physical access 

protection [WP-33]. 

 

Comprehensive Security Protocol Implementation 

Multi-layered security approaches integrate [WP-34]: 

Transport Layer Security (TLS) is achieved by 

encrypting data transmission with integrity protection 

6LoWPAN enables efficient IPv6 implementation over 

low-power wireless networks 

IEEE 802.15.4 provides robust data link layer security 

for Zigbee and other protocols 

OpenVPN supports secure remote connectivity over 

public networks [WP-34]. 

Advanced encryption implementations utilize AES-128 

encryption with integrity checks and counters blocking 

tampering and replay attacks [BLOG-29]. ARM 

TrustZone CryptoCell-310 integration provides 

hardware-level cryptographic security for sensitive IoT 

applications [BLOG-17]. 

The convergence of advanced wireless technologies, 

enhanced security protocols, and comprehensive threat 

mitigation strategies positions modern IoT networks to 

support the projected 75 billion connected devices by 

2025 while maintaining robust security postures against 

evolving cyber threats [5GTECH]. 

 

5. AI IN HEALTHCARE MANAGEMENT 

Overview and Market Transformation 

The global artificial intelligence in healthcare market has 

reached $15.1 billion in 2024 and is projected to expand 

at a CAGR of 37.5% through 2030. This exponential 

growth represents a fundamental paradigm shift from 

reactive healthcare delivery to predictive, personalized, 

and precision-driven medicine. The COVID-19 

pandemic served as a critical catalyst, accelerating AI 

adoption across diagnostic workflows, treatment 

optimization, and operational management systems 

[Kiehner, 2024]. 

 

Advanced AI-Powered Diagnostics and Visual Data 

Analytics 

Breakthrough Performance in Medical Imaging 

Deep Learning Superior Accuracy 

Recent meta-analyses demonstrate AI systems achieving 

94.3% accuracy in ICU admission prediction using 

Random Forest algorithms on 500,000 patient records. In 

breast cancer screening, AI-assisted mammography 

systems demonstrate absolute reduction in false positives 

by 5.7% and false negatives by 9.4% compared to 

traditional radiologist interpretation. [Alowais, et al, 

2023]. 

  

Multimodal AI Integration 

Advanced AI platforms now integrate genomic, clinical, 
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and imaging data to create comprehensive diagnostic 

models. Harvard Medical School researchers developed 

ChatGPT-like AI models capable of diagnosing wide-

range cancers while predicting patient survival outcomes 

with unprecedented accuracy. [Kiehner, 2024]. 

 

Real-Time Pathological Analysis 

AI-powered histopathology systems analyze whole slide 

imaging (WSI) with segmentation, quantification, and 

classification capabilities achieving AUCs between 

0.733-0.856 for predicting genetic mutations (KRAS, 

EGFR, TP53, FAT1, STK11, SETBP1). Microsatellite 

instability detection in colorectal and gastric cancers 

achieved AUCs between 0.69-0.84 across five validation 

cohorts. [Shafi, and Parwani, 2023]. 

 

Advanced Computer Vision Applications 

Automated Fracture Detection: AI assistance for non-

specialist readers increased sensitivity from 72% to 80% 

and specificity from 81% to 85% in appendicular 

skeleton radiograph analysis. Missed fractures decreased 

by 29% and false positives by 21% without affecting 

reading time. [Obuchowicz, et al, 2025]. 

 

Ophthalmologic Breakthrough 

AI systems for diabetic retinopathy screening 

demonstrate 96% sensitivity and 87% specificity, 

enabling deployment in remote locations where specialist 

ophthalmologists are unavailable [Chakraborty, et al, 

2023]. 

 

Dermatological AI 

Google's dermatology AI research identified hundreds of 

skin conditions including 80% of conditions seen in 

clinics and 90% of most commonly searched conditions. 

The Skin Condition Image Network (SCIN) provides 

over 10,000 crowdsourced images addressing critical 

representation gaps in medical datasets. [IMAGING]. 

 

Precision Medicine and Personalized Healthcare 

Systems 

AI-Driven Genomic Medicine 

Pharmacogenomic Optimization 
AI algorithms analyze genetic test results from the 

Clinical Pharmacogenetics Implementation Consortium 

to optimize drug therapies with patient-specific genetic 

profiles. Machine learning models predict drug response 

and prognosis while reducing clinical trial requirements 

and associated costs [Panchpuri, et al, 2025]. 

 

Multi-Omics Integration 

Advanced AI platforms process genomics, 

transcriptomics, proteomics, and metabolomics data to 

provide patient stratification, diagnostics, and targeted 

treatments. Federated learning and generative models 

enable personalized medicine applications across diverse 

patient populations [Sakhaa, et al, 2025]. 

 

Digital Twin Patient Modeling 

Revolutionary Digital Human Twins (DHTs) create 

virtual patient replicas integrating physiological, 

anatomical, and cognitive characteristics. Duke 

University's implementation demonstrates personalized 

blood flow analysis enabling optimal treatment planning 

without invasive procedures.[Randles, 2025]. 

 

Clinical Decision Support  

Memorial Sloan Kettering Cancer Center's Watson for 

Oncology achieved 93% concordance with 

multidisciplinary tumor board recommendations across 

1,000+ breast cancer cases. The system analyzes medical 

records, genomic data, and treatment histories to 

generate personalized treatment recommendations 

[INTUZ]. 

 

Drug Discovery Acceleration: Insilico Medicine's 

Chemistry42 platform discovered lead-like drug 

structures, with the 55th synthesized molecule showing 

promise for fibrosis treatment and earning Orphan Drug 

Designation. Generative AI reduces drug discovery 

expenses by up to 70% [INTUZ]. 

 

Healthcare Administration and White-Collar 

Automation 

Robotic Process Automation Market Expansion 

The global robotic process automation in healthcare 

market reached $2.22 billion in 2024 and is projected to 

reach $22.56 billion by 2034, representing a CAGR of 

26.10%. The U.S. market specifically accounts for $0.67 

billion in 2024 with expected growth to $6.92 billion by 

2034 [RPA]. 

 

Advanced RPA Applications 

Revenue Cycle Management 

AI-powered RPA systems demonstrate 97% reduction in 

coding effort and up to 15% increase in revenue for early 

adopters. 75% of the top 100 U.S. health systems now 

utilize advanced automation platforms for core business 

processes [Kalinin, 2025]. 

 

Clinical Documentation Automation 

Natural Language Processing (NLP) algorithms extract 

valuable information from unstructured clinical notes, 

automating coding and billing processes while 

minimizing errors. Advanced systems process physician 

audio notes and attach appropriate ICD-10 codes 

automatically. [Dennis, 2024]. 

 

Predictive Claims Management 

AI systems analyze historical billing data, patient 

demographics, and payer behavior to predict payment 

delays, claim denials, and revenue leaks. Advanced 

algorithms provide cash flow forecasting and identify 

bottlenecks for proactive intervention  

 

Hospital Management System Intelligence 

Operational Optimization 

AI-driven hospital management systems report 35% 

improvement in patient throughput through optimized 

scheduling algorithms. Predictive analytics embedded in 
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hospital systems reduce ER overcrowding by 28% during 

peak periods. [Vijayan, 2025]. 

 

Smart Resource Allocation: Random Forest algorithms 

achieve 94.3% accuracy in ICU admission prediction 

while K-Means clustering maximizes hospital bed 

utilization by 87%. LSTM models improve patient 

deterioration forecasting by 92.1% [Arpitha, et al, 2025]. 

 

Staff Scheduling Optimization: AI-powered scheduling 

systems improve workforce efficiency with 30-40% 

faster turnaround in administrative workflows. Genetic 

algorithms reduce emergency response time by 35%. 

[Arpitha, et al, 2025]. 

 

IoT and Wearable Healthcare Integration 

Advanced Wearable Device Capabilities 

Multi-Parameter Monitoring: IoT wearable devices 

continuously monitor heart rate, blood pressure, 

temperature, blood glucose, and oxygen saturation with 

accuracy rates exceeding 95% compared to clinical-

grade equipment. Atrial fibrillation detection achieves 

98.5% accuracy for ambient temperature, 97.3% for 

object temperature, 96.7% for heart rate, and 98.3% for 

SpO2 relative to Apple smartwatch readings. [TEKTEL]. 

 

Real-Time Alert Systems  
Advanced wearables detect cardiac abnormalities and 

transmit immediate alerts to healthcare providers, 

enabling proactive interventions before critical events 

occur. 126 million connected home medical devices are 

projected by 2027 [Dykas, 2025]. 

 

Chronic Disease Management  
IoT-enabled systems improve medication adherence 

through automated reminders and real-time monitoring. 

Patients with head and neck cancer using Bluetooth-

powered monitoring systems demonstrated fewer severe 

symptoms through continuous health tracking 

[TEKTEL]. 

 

Edge Computing Healthcare Applications 

Real-Time Processing 

Edge AI enables real-time data processing at the device 

level, reducing latency from cloud-based systems while 

enhancing patient privacy through local data processing. 

Edge computing reduces dependence on connectivity for 

remote healthcare delivery [Kaur, 2025]. 

 

Ambulatory Care Enhancement 

Mobile edge devices in ambulances enable real-time 

patient monitoring and early diagnosis, allowing first 

responders to initiate appropriate treatments before 

hospital arrival. Portable diagnostic equipment with AI 

capabilities provides point-of-care diagnosis in rural 

settings [Kaur, 2025]. 

 

 

 

6. DIGITAL TWIN TECHNOLOGY IN 

HEALTHCARE 

Patient-Specific Modeling 

Personalized Disease Simulation 

Digital twins integrate real-time data from wearable 

sensors with patient-specific anatomical models to create 

dynamic health representations. Mayo Clinic's 

implementation demonstrates Type 2 diabetes 

management through digital twin predictions of 

postprandial glucose responses [Vallée, 2023]. 

 

Treatment Optimization 

Digital twins enable virtual testing of treatment 

interventions before real-world implementation, 

improving treatment precision and reducing adverse 

events. Patient-physician digital twin dyads simulate 

therapy outcomes to determine optimal treatment 

strategies [Katsoulakis, et al, 2024]. 

 

Predictive Health Analytics 

Advanced digital twins utilize machine learning 

algorithms to forecast disease progression, identify high-

risk individuals, and recommend preventive measures. 

Integration with IoT devices enables real-time health 

monitoring and proactive intervention triggers [Vallée, 

2023]. 

 

Advanced Security and Compliance Framework 

HIPAA-Compliant AI Implementation 

Data Encryption Standards  
Healthcare AI systems implement AES-128 encryption 

with integrity checks and access controls ensuring patient 

data protection. End-to-end encryption protects 

information throughout data collection, processing, and 

storage phases [DIALZARA]. 

 

Privacy-Preserving Techniques 

Advanced AI systems utilize de-identification, 

pseudonymization, and data masking to remove personal 

identifiers while maintaining analytical utility. Federated 

learning enables AI training without centralizing 

sensitive patient data [DIALZARA]. 

 

Regulatory Compliance Monitoring: 75% of 

healthcare compliance professionals are leveraging or 

considering AI for internal legal compliance functions. 

AI-powered systems provide real-time compliance 

monitoring and automated audit reporting [VERYSIS]. 

 

Edge Computing Security 

Local Data Processing:  

Edge computing enables patient data processing at the 

point of care without cloud transmission, reducing data 

breach risks and ensuring real-time response capabilities. 

Software-defined networking (SDN) provides scalable 

security architectures for healthcare edge devices 

[Thornell, 2014]. 

 

 

 

7. EMERGING TREND AND FUTURE 
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DIRECTIONS 

Generative AI Applications 

Administrative Workflow Optimization 
Generative AI platforms automate clinical 

documentation, appointment scheduling, and insurance 

verification processes. Google's MedLM family of 

foundation models provides healthcare-specific AI 

capabilities for clinical decision support [Gupta, 2024]. 

 

Conversational AI Healthcare  
AI-powered chatbots demonstrate superior empathy 

scores compared to physicians, with Claude V2 

achieving 4.11 versus 2.01 for physicians on 5-point 

empathy scales. Advanced NLP systems provide 24/7 

patient support while maintaining HIPAA compliance 

[Chen, et al, 2025]. 

 

Predictive Analytics Evolution 

Population Health Management 

AI systems analyze population-level health data to 

identify at-risk patients, prioritize interventions, and 

develop preventive care strategies. Predictive models 

enable early disease detection and resource optimization 

across healthcare networks [INDIA-AI]. 

 

Clinical Trial Optimization  
AI accelerates clinical trial design by identifying optimal 

patient populations, predicting treatment responses, and 

optimizing study protocols. Digital biomarkers derived 

from wearable devices provide continuous patient 

monitoring throughout trial participation [Bajwa, et al, 

2021]. 

 

Challenges and Implementation Considerations 

Technical Integration Complexity 

Legacy System Compatibility:  

Healthcare organizations face challenges integrating AI 

systems with existing EHR platforms and clinical 

workflows. Interoperability standards and API 

development remain critical for seamless AI deployment 

[Chhabra]. 

 

Data Quality Management  
AI system performance depends on high-quality training 

data with appropriate diversity and representation. Bias 

detection and algorithmic fairness require ongoing 

monitoring and model refinement [Chakrraborty, et al, 

2023]. 

 

Economic and Operational Factors 

Initial Investment Requirements  
50% of healthcare compliance professionals cite limited 

financial resources as primary AI implementation 

barriers. However, long-term ROI through reduced 

compliance penalties and operational efficiency justifies 

initial investments [VERYSIS]. 

 

Workforce Transformation  

Healthcare organizations must invest in staff training and 

change management to ensure successful AI adoption. 

Clinical decision support systems require physician 

acceptance and workflow integration for optimal 

effectiveness [Chhabra]. 

 

The convergence of AI-powered diagnostics, automated 

administration, IoT integration, and digital twin 

technology represents a fundamental transformation in 

healthcare delivery. As these technologies mature and 

integrate, healthcare systems will transition from reactive 

treatment models to predictive, personalized, and 

precision-driven care, ultimately improving patient 

outcomes while optimizing operational efficiency and 

reducing healthcare costs. The successful 

implementation of these technologies requires strategic 

planning, stakeholder engagement, and commitment to 

continuous innovation in the rapidly evolving healthcare 

landscape.  

 

8. EXAMPLE OF MOST POPULAR AI-ASSISTED 

HEALTHCARE MANAGEMENT CASES  

Case #1: Diagnostics and Visual Data  

Breakthroughs in AI Medical Imaging Performance 

The global computer vision in healthcare market has 

reached $2.60 billion in 2024 and is projected to reach 

$53.01 billion by 2034, representing a CAGR of 35.19%. 

Recent clinical trials demonstrate AI's transformative 

impact on diagnostic accuracy across multiple 

modalities.  

 

AI-Powered Prostate Cancer Detection 

Recent multi-reader studies involving 10,207 MRI 

examinations and 62 radiologists showed AI systems 

achieving AUROC of 0.91 versus 0.86 for radiologists, 

detecting 6.8% more significant cancers at the same 

specificity level. This represents a paradigm shift in 

urological oncology screening protocols.  [Obuchowicz, 

et al, 2025].     

 

Brain Metastasis Detection 

Meta-analysis of 42 studies using deep learning 

algorithms for brain metastases on MRI achieved pooled 

lesion-wise dice scores of 79% with 86% patient-wise 

sensitivity and 87% lesion-wise sensitivity. U-Net 

models demonstrated superior performance, with 

accuracy influenced by MRI hardware diversity and slice 

thickness. [Obuchowicz, et al, 2025].     

 

Advanced Deep Learning Architectures in Pathology 

Whole Slide Imaging (WSI) Revolution 
Digital pathology has transformed traditional 

microscopic analysis into sophisticated computer vision 

workflows. AI-augmented histological diagnosis 

encompasses three core elements: segmentation, 

quantification, and classification. [Prasad, et al, 2024].      

 

Predictive Genomic Profiling 
AI systems now predict genetic alterations directly from 

H&E images using deep learning algorithms. Recent 

studies achieved AUCs between 0.733 and 0.856 for 
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predicting mutations in KRAS, EGFR, TP53, FAT1, 

STK11, and SETBP1 genes. Microsatellite instability 

detection in colorectal and gastric cancers achieved 

AUCs between 0.69 and 0.84 across five validation. 

[Shafi, and Parwani, 2023].    

 

Tumor Microenvironment Analysis  
Convolutional neural networks (CNNs) enable automatic 

detection of spatial organization of tumor-infiltrating 

lymphocytes (TILs), proving prognostic across 13 cancer 

subtypes. Advanced morphometric analysis extracts 

6,642 morphological and spatial features to predict 

overall survival in breast cancers [Shafi, and Parwani, 

2023].   

 

Breakthrough Clinical Applications and Performance 

Metrics 

Fracture Detection Enhancement 

AI assistance for non-specialist readers increased 

sensitivity from 72% to 80% and specificity from 81% to 

85% in appendicular skeleton radiograph analysis. 

Missed fractures decreased by 29% and false positives 

by 21% without affecting reading time.  

 

Cancer Screening Optimization 
AI-enabled mammography systems can detect 40% of 

cancers missed by radiologists in traditional screening. 

The NHS has initiated the world's largest breast cancer 

screening trial using AI to potentially revolutionize 

population-level cancer detection [Dilmegani, and 

Ermut, 2025]. 

 

Real-Time Surgical Assistance 

AI assistance in brain tumor stereotactic radiosurgery 

improved inter-reader agreement (DSC from 0.86 to 

0.90) and lesion detection sensitivity (91.3% vs. 82.6%) 

while reducing contouring time by 30.8% [Obuchowicz, 

et al, 2025]. 

 

Integration with Genomic and Molecular Data 

Modern AI diagnostic systems integrate multi-omics data 

including genomics, transcriptomics, and proteomics for 

enhanced precision medicine applications. Federated 

learning, machine learning, and deep learning methods 

including generative models and language models 

significantly expand personalized medicine potential.  

[Alsaedi, et al, 2025]. 

 

Pharmacogenomic Applications: AI analyses patient 

genetic profiles to optimize drug therapies with genetic 

test results from the Clinical Pharmacogenetics 

Implementation Consortium. Genome-informed 

prescribing utilizes machine learning algorithms to 

predict which patients require medications based on 

pharmacogenomically actionable variants. [Johnson, et 

al, 2021]. 

 

 

 

Case #2: White-Collar Automation - Advanced AI-

Driven Healthcare Administration 

Market Scale and Economic Impact 

The AI in medical billing market has reached $4.49 

billion in 2025 and is projected to grow to $12.65 billion 

by 2030, exhibiting a CAGR of 23.01%. Healthcare 

organizations utilizing AI automation report potential 

savings of up to $360 billion industry-wide through 

optimized administrative workflows. [POST-B]. 

 

Robotic Process Automation (RPA) in Healthcare 

Operations 

Advanced RPA Implementation: Healthcare RPA 

automates physician credentialing, patient scheduling, 

clinical documentation, ICD-10 coding, enrolment, and 

patient eligibility verification. Modern RPA systems 

incorporate Natural Language Processing (NLP) for 

transcribing physician audio notes and attaching 

appropriate ICD-10 codes automatically.  [Mejia, 2019]. 

 

Operational Efficiency Gains: Healthcare organizations 

implementing RPA report 97% reduction in coding effort 

and up to 15% increase in revenue for early adopters. 

75% of the top 100 U.S. health systems utilize advanced 

automation platforms for core business processes. 

[POST-P]. 

 

Predictive Analytics for Claims Processing: AI systems 

analyse historical billing data, patient demographics, and 

payer behavior to predict potential payment delays, claim 

denials, and revenue leaks. Advanced algorithms provide 

cash flow forecasting and identify bottlenecks for 

proactive intervention. [POST-J]. 

 

Real-Time Insurance Verification: AI enables instant 

insurance eligibility verification by connecting with 

insurance databases, determining coverage limits, co-

pays, and deductibles within seconds. This eliminates 

manual verification processes and prevents billing errors 

due to incorrect insurance information. [Bharadwaj, 

2025]. 

 

Automated Denial Management: AI systems identify 

common denial reasons and flag high-risk claims before 

submission, reducing denial rates and accelerating 

reimbursement processes. Machine learning models 

continuously learn from denial patterns to improve 

prediction accuracy. [Mitchell, 2024]. 

 

Advanced Patient Experience Enhancement 

Empathetic AI Communication: Recent studies 

demonstrate that AI chatbots generate responses rated as 

more empathetic than physician responses by cancer 

patients. Claude V2 with Chain-of-Thought (CoT) 

reasoning achieved mean empathy scores of 4.11 versus 

2.01 for physicians on a 5-point scale. [Chen, et al, 

2025]. 
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Personalized Payment Solutions 
AI analyzes patient payment histories and behavioral 

patterns to develop targeted payment plans and 

communication strategies. Predictive models assess 

patients' capacity to pay and recommend appropriate 

financial assistance programs, transforming 

confrontational debt collection into empathetic patient 

support. [POST-J]. 

 

HIPAA-Compliant Chatbot Integration 
Advanced healthcare chatbots utilize generative AI and 

ChatGPT for immediate, accurate patient information 

delivery while maintaining strict HIPAA compliance. 

These systems automate medication scheduling, 

behavioral guidance, and administrative task 

management. [POST-B].  

 

Natural Language Processing Applications 

AI systems process structured and unstructured data, 

including images, documents, and complex ICD-9 claim 

structures. Advanced NLP enables automated processing 

of clinical notes, physician dictations, and patient 

correspondence. [Ogunsakin, et al, 2024] 

 

Intelligent Document Processing  
AI-powered systems automatically extract, validate, and 

route clinical documents and patient data to appropriate 

healthcare personnel. These solutions reduce manual data 

entry errors and accelerate clinical documentation 

workflows. [Mejia, 2019]. 

 

Predictive Resource Management: Machine learning 

algorithms analyse patient flow patterns, staffing 

requirements, and supply chain logistics to optimize 

scheduling, minimize wait times, and ensure optimal 

resource utilization. AI-driven operational optimization 

tools enhance efficiency across healthcare administration 

functions. [Fugure, 2024].  

 

Ethical Considerations and Regulatory Compliance 

Data Privacy and Security: Advanced AI systems 

implement AES-128 encryption with integrity checks 

and utilize ARM TrustZone CryptoCell-310 for 

hardware-level cryptographic security. Healthcare AI 

applications must comply with GDPR, HIPAA, and 

emerging AI regulatory frameworks. [Mennella, et al, 

2024]. 

 

Transparency and Explainability: Regulatory 

frameworks emphasize AI explainability tailored to 

comprehension levels of healthcare professionals and 

patients. The European AI Act (AIA) requires high-risk 

AI systems to undergo pre-deployment compliance 

assessments and post-market monitoring   [Mennella, et 

al, 2024]. 

 

Human Oversight Requirements: Healthcare AI systems 

incorporate "human assurance" evaluation by both 

patients and physicians during development and 

implementation. Regulatory principles establish human 

supervision points both upstream and downstream of 

algorithms to ensure medical effectiveness and ethical 

accountability [Mennella, et al, 2024]. 

 

9. INTEGRATION WITH PRECISION MEDICINE 

AND GENOMICS 

AI-Enhanced Personalized Care: Advanced AI systems 

integrate genomic profiling, environmental factors, and 

lifestyle data to provide personalized treatment 

recommendations. Machine learning algorithms analyse 

multi-omics datasets to identify optimal therapeutic 

targets and predict treatment responses. [Amirineni, 

2024] 

 

Risk Stratification Models: AI creates sophisticated risk 

prediction models that assess individual disease 

development probability based on genetic, 

environmental, and lifestyle factors. These models 

enable early detection and preventive care strategies, 

optimizing healthcare resource allocation. [Amirineni, 

2024]. 

 

The convergence of advanced AI diagnostics and 

intelligent administrative automation represents a 

fundamental transformation in healthcare delivery. As AI 

systems achieve human-level or superior performance in 

diagnostic accuracy while simultaneously reducing 

administrative burden by up to 97%, healthcare 

organizations can redirect resources toward direct patient 

care and innovative treatment development. The 

integration of empathetic AI communication, predictive 

analytics, and precision medicine creates a 

comprehensive ecosystem that enhances both operational 

efficiency and patient outcomes, positioning healthcare 

for unprecedented improvements in quality, accessibility, 

and cost-effectiveness. 

 

10. GREATEST BARRIERS TO AI ADOPTION IN 

HEALTHCARE 

Ultimately, privacy and compliance concerns in 

healthcare depend on what’s called the privacy rule in 

HIPAA. Collecting the sheer amount of patient health 

data necessary for AI adoption is widely viewed as 

implicating HIPAA and associated state laws. 

 

In December 2018, the near quarter-century-old law was 

born into the digital age when the Department of Health 

& Human Services Office Of Civil Rights (OCR) asked 

stakeholders in public healthcare policy to help the 

agency identify security weaknesses in HIPAA’s current 

policies.   

 

The American Medical Informatics Association took the 

occasion as an opportunity to update HIPAA in light of 

emerging digital age technologies like AI, asking OCR 

for new requirements such as the timely sharing of 

protected health information between consenting patients 

and requesting clinicians. 

 

The ensuing exchange shows providers and business 
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leaders are caught between two competing interests in 

public policy deriving from HIPAA and subsequent 

revisions: 

 

The legal mandate to provide state-of-the-art care that 

protects patient data. The business and organizational 

need to keep up with new technologies that increasingly 

require information without restrictions. The latter 

assures AI adoption trends in healthcare will grow at a 

pace determined by how subsequent use cases can work 

around HIPAA and other regulations. 

 

Stakeholders in the healthcare space are a source of 

tremendous complication and conflicting interests, as we 

discussed with white-collar automation and privacy 

concerns. 

 

In a strictly economic sense, stakeholder dynamics are 

based on the nature of buyers; beneficiaries and users of 

the goods/services. 

 

In the healthcare space, these stakeholders include - 

Hospital business leadership, Doctors, nurses, medical 

staff, and the Patients.  

 

Just as public institutions and professional associations 

have tremendous problems resolving differences over 

sharing private data efficiently, hospitals also balance the 

increasing influence of doctors, nurses, and 

administrative staff seeing technology increasingly 

entrench itself amid the near-sanctified relationship 

between patient and provider. 

 

However, human providers aren’t alone in wanting to 

protect their jobs. Patients themselves are not 

enthusiastic about the notion of being treated by any kind 

of machinery to the apparent exclusion of empathetic 

oversight. No matter what the data tells us about the 

promise of AI and other advanced healthcare solutions 

over human capabilities, people trust other human beings 

with their health first and foremost in 2022. For the time 

being, healthcare business leaders have no choice but to 

compromise with their united front. 

 

Operating efficient hospitals and healthcare facilities is 

about effective management of resources, above all 

being budgets. Though budgetary forces can drive AI 

interest, especially in areas we have described in white-

collar automation, documentation, and the fact of the 

matter is hospitals do not have extra revenue to throw 

around. 

 

According to a 2020 survey of healthcare business 

leaders by the American College of Healthcare 

Executives, 76% responded that budgetary fears held 

back their enterprise from further AI investment in that 

fiscal year.  

 

The entire environment makes it much more difficult for 

champions to get the necessary buy-in for an AI project 

to succeed: 

AI investment requires early enthusiasm for exploration 

along with the long-term strategy and budget to let those 

mistakes not just become knowledge ROI but ultimately 

transform an enterprise. As enterprises, hospitals and 

healthcare management are traditionally much more 

short-term focused and usually staffed with former 

doctors with sanctified beliefs about the human 

connection between doctors and patients.  

 

Thus we anticipate that AI adoption in the healthcare 

space, despite widespread opportunities and innovation 

in the short term, will not frequently advance long-term, 

organization-wide transformations in healthcare as AI 

does for relevant, image and language-heavy legacy 

sectors like banking or pharmaceuticals. 

 

The integration of printed electronic sensors, artificial 

intelligence (AI), and robotics in personalized healthcare 

represents a significant advancement in medical 

technology, promising to enhance patient care and 

outcomes. As this review highlights, the convergence of 

these technologies allows for real-time monitoring, data-

driven decision-making, and precise interventions 

tailored to individual patient needs. 

 

11. CONCLUSIONS AND FUTURE PROSPECTS 

The findings suggest that personalized healthcare is not 

just a trend but a fundamental shift in how medical care 

is delivered. Printed electronic sensors facilitate 

continuous health monitoring, enabling proactive 

interventions that can prevent diseases before they 

escalate. AI enhances this approach by analysing vast 

datasets to identify patterns and predict health risks, 

thereby allowing for more personalized treatment plans. 

Robotics further complements these advancements by 

improving the precision of surgical procedures and 

automating routine tasks, which can lead to increased 

efficiency in healthcare delivery. 

 

Despite the promising benefits, challenges remain in the 

widespread implementation of these technologies. Issues 

such as data privacy, interoperability among systems, 

and the need for regulatory frameworks must be 

addressed to fully realize the potential of personalized 

healthcare. Furthermore, healthcare providers will need 

to adapt to new workflows and integrate these 

technologies into their practice effectively. 

 

Looking forward, the future of personalized healthcare is 

poised for significant growth. As wearable devices and 

digital health technologies become more sophisticated, 

they will generate an increasing amount of health data 

that can be harnessed to refine treatment strategies 

further. The role of AI will expand, with predictive 

analytics becoming integral to clinical decision-making 

processes. Additionally, advancements in robotics are 

expected to enhance surgical techniques and 

rehabilitation practices. 
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Moreover, the concept of digital twins—virtual 

representations of patients based on real-time data—

could revolutionize personalized medicine by enabling 

more accurate risk assessments and tailored 

interventions. The integration of these innovations will 

likely drive a shift towards preventive care models 

focused on overall wellness rather than reactive 

treatment approaches. 

 

In conclusion, the ongoing evolution of personalized 

healthcare through printed electronics, AI, and robotics 

holds immense potential to transform patient care. By 

overcoming existing barriers and embracing 

technological advancements, the healthcare industry can 

move toward a more individualized approach that 

enhances patient outcomes and quality of life. [Aaviksoo, 

2024; Johnson, et al, 2021; Vallée,  2024; WP-04; WP-

05; WP-06; WP-07; WP-08]. 
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