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Abstract. Biomedical three-dimensional(3D) printing has redefined the landscape of medical 
practice, facilitating the customization of implants, prosthetics, and medical instruments. The use of 
3D printing, also known as additive manufacturing, empowers healthcare professionals to create 
patient-specific medical solutions that align seamlessly with anatomical complexities. Through the 
deposition of material layer by layer, 3D printing allows for the fabrication of intricately designed 
structures with precision and reproducibility. The medical field has witnessed a paradigm shift as 
personalized implants and prosthetics are tailored to the unique needs of patients, thereby improving 
functionality and patient outcomes. This review aims to provide a comprehensive analysis of the 
integration of electronics and biomedical 3D printing. The focus extends beyond individual domains, 
encapsulating the crossroads where the two converge to form synergistic solutions. Each 
subsequent section of this review will delve into specific facets, discussing current advances, 
challenges, and potential future trajectories. From 3D printed medical devices with embedded 
electronics to wearable health monitoring systems, this review seeks to unearth the emerging 
landscape of interdisciplinary innovation. 
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1. Introduction 

The convergence of electronics and biomedical applications has catalyzed a transformative era in 

the realm of healthcare and technology integration. This synergy is driven by the advancement of two 

pioneering domains: three-dimensional (3D) printing and electronics[1]. As these domains intertwine, 

a new landscape emerges, characterized by the creation of innovative devices that marry the precision 

of electronics with the biological intricacies of human health [2]. This review aims to explore the 

burgeoning territory where electronics and biomedical 3D printing converge, shedding light on the 

current progress and future prospects of this interdisciplinary field. 

Biomedical 3D printing has redefined the landscape of medical practice, facilitating the 

customization of implants, prosthetics, and medical instruments [3]. The use of 3D printing, also 

known as additive manufacturing, empowers healthcare professionals to create patient-specific 

medical solutions that align seamlessly with anatomical complexities [4]. Through the deposition of 

material layer by layer, 3D printing allows for the fabrication of intricately designed structures with 

precision and reproducibility. The medical field has witnessed a paradigm shift as personalized 

implants and prosthetics are tailored to the unique needs of patients, thereby improving functionality 

and patient outcomes. 

In parallel, the field of electronics has forged its own trajectory of innovation. The miniaturization 

of electronic components, coupled with the rise of flexible and wearable electronics, has enabled the 

seamless integration of electronics with human physiology. Wearable sensors, bioelectronic devices, 

and smart implants have emerged as tangible manifestations of electronics' penetration into the 

healthcare sector. The ability to monitor vital signs, deliver drugs with precision, and provide real-

time feedback has revolutionized patient care and disease management. 

The convergence of electronics and biomedical 3D printing heralds a new era of possibilities. This 

synthesis is not merely an additive combination of two technologies; rather, it represents a paradigm 

shift that transcends traditional boundaries. The ability to embed electronics within 3D printed 

structures introduces the potential to create dynamic devices that respond to physiological cues. For 
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instance, bioelectronic sensors embedded in 3D printed implants can monitor pH levels, detect 

infection, and facilitate drug release based on real-time information.3 These devices amalgamate the 

precision of electronics with the adaptability of 3D printing, resulting in a transformative capability 

to address complex healthcare challenges [5]. 

This review aims to provide a comprehensive analysis of the integration of electronics and 

biomedical 3D printing. The focus extends beyond individual domains, encapsulating the crossroads 

where the two converge to form synergistic solutions. Each subsequent section of this review will 

delve into specific facets, discussing current advances, challenges, and potential future trajectories. 

From 3D printed medical devices with embedded electronics to wearable health monitoring systems, 

this review seeks to unearth the emerging landscape of interdisciplinary innovation. 

In the following sections, we will explore recent advancements in each domain, highlighting 

pivotal papers and studies that contribute to the body of knowledge. Moreover, by delving into current 

challenges and uncharted territories, this review seeks to provide insights into the potential 

transformation of healthcare through the harmonious interplay of electronics and biomedical 3D 

printing. 

2. Three-Dimensional Printing of Functional Biomaterials for Biomedical 

Electronics 

The realm of biomedical electronics has been profoundly impacted by the marriage of 3D printing 

and functional biomaterials. This convergence has paved the way for the creation of intricate and 

biocompatible structures that can seamlessly integrate with biological systems. In this section, we 

delve into the current states and future prospects of three-dimensional (3D) printing of functional 

biomaterials for biomedical electronics, shedding light on notable studies that have illuminated this 

path [6]. 

The integration of 3D printing with functional biomaterials has enabled the fabrication of 

biocompatible scaffolds, sensors, and even bioelectronic constructs. A notable stride in this direction 

is demonstrated by Sun, K. et al., who pioneered the 3D printing of interdigitated Li-ion microbattery 

architectures. This groundbreaking work showcased the intricate integration of energy storage 

components within 3D printed structures, underscoring the potential for energy-autonomous 

bioelectronic devices. Furthermore, this advancement opened doors for self-powered sensors and 

bioelectronics that can operate within the physiological environment [7]. Figure 1 shows the optical 

image of a 3D-IMA composed of LTO-LFP electrodes after packaging. 

 

Fig. 1 (a) Optical image of 3D-IMA composed of LTO-LFP electrodes after packaging. (b) Cyclic 

voltammetry of the packaged 3D-IMA. (c) Charge and discharge curve of the packaged 3D-IMA 

[3]. 

The exploration of biomaterials goes beyond energy storage to encompass tissue engineering. A 

study by Murphy et al. exemplifies this approach by showcasing the creation of 3D printed constructs 

with embedded sensors for real-time monitoring of cell behavior4. This innovation not only enables 

the observation of cellular responses but also lays the foundation for bioelectronic constructs that 

interact dynamically with living tissues [8]. 
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While the current advancements are promising, challenges remain in the path of 3D printing 

functional biomaterials for biomedical electronics. Achieving seamless integration between 

electronics and biomaterials while maintaining biocompatibility remains a formidable hurdle. 

Additionally, regulatory considerations and long-term biocompatibility studies are crucial before 

translating these innovations into clinical applications. Figure 2 shows the application of materials 

obtained based on 3D printing technology in different fields. 

 

Fig. 2 The application of materials obtained based on 3D printing technology in different fields [8]. 

However, the future prospects are bright. With ongoing developments in conductive biomaterials, 

advancements in bioinks, and the exploration of novel fabrication techniques, the potential to create 

bioelectronics that seamlessly merge with biological systems becomes increasingly attainable5. 

Future bioelectronic constructs may include smart implants that adapt to physiological changes and 

provide personalized therapeutic interventions. 

3. Personalized medical devices through 3D printing with electronics 

Personalization has emerged as a cornerstone of modern healthcare, and the marriage of 3D 

printing with electronics has enabled the creation of personalized medical devices that are not only 

anatomically precise but also functionally tailored. This section delves into the intersection of 

personalized medical devices and 3D printing with electronics, exploring the current progress and 

envisaging the future possibilities [9]. 

One significant application is the creation of personalized drug delivery systems through 3D 

printing with embedded electronics. Yu et al. demonstrated the fabrication of personalized drug-

loaded tablets that release drugs in a controlled manner based on individual patient needs6. This 

approach not only enhances medication efficacy but also minimizes side effects [10]. 

Furthermore, the realm of wearable health monitoring has witnessed remarkable strides. The work 

by Xu et al. showcases the development of wearable electronic sensors that can be 3D printed onto 

textiles, providing a non-invasive means of monitoring vital signs. Such wearables have the potential 

to revolutionize remote patient monitoring and preventive healthcare. 

As the technology matures, personalized medical devices through 3D printing with electronics 

hold the promise of transforming healthcare delivery [11]. Customized implants, tailored to the 

patient's anatomy and physiology, could be enhanced with embedded sensors to monitor functionality 

and detect anomalies. The advent of flexible and biocompatible materials also facilitates the creation 

of wearable medical devices that conform to the body's contours while maintaining accurate sensing 

capabilities [12]. 

However, personalized medical devices require a holistic approach that spans technological, 

ethical, and regulatory domains. Ensuring data security, privacy, and seamless integration with 
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existing healthcare systems are paramount considerations. Collaboration between medical 

professionals, engineers, and regulatory bodies is essential to bring these innovative devices from the 

lab to clinical practice. 

4. Sustainable biopolymers and electronics integration for biomedical 

applications 

The convergence of sustainable materials and electronics within the realm of biomedical 

applications has captured the imagination of researchers, offering a path toward environmentally 

friendly and biocompatible medical solutions. In this section, we delve into the present innovations 

and future directions of sustainable biopolymers integrated with electronics for biomedical 

applications. The exploration encompasses a range of materials, additive manufacturing techniques, 

and applications that underscore the potential of creating eco-conscious and efficient medical devices. 

Biopolymers, derived from natural sources, have garnered attention for their potential to replace 

conventional synthetic materials in biomedical applications, reducing the environmental footprint. 

One pioneering study by Liu et al. presents the utilization of natural-derived biopolymers for 3D 

printing in biomedical feasibility of creating biocompatible structures that can be seamlessly 

integrated into the body [applications. By harnessing materials like cellulose and chitosan, the 

researchers showcase the 11]. 

The study by Herzog et al. delves into the additive manufacturing of metals, providing insights 

into how sustainable materials like biodegradable metals can be leveraged in the production of 

biomedical devices. The potential to create temporary implants that degrade over time aligns with the 

principles of sustainability, minimizing long-term impacts on the environment while providing short-

term medical benefits. 

The future of sustainable biopolymers and electronics integration in biomedical applications holds 

the promise of a new era of medical devices characterized by their eco-friendliness and 

biodegradability. As researchers focus on enhancing the conductive properties of biopolymers, the 

potential for creating implantable bioelectronic devices becomes increasingly viable. These devices 

could merge seamlessly with biological systems, providing therapeutic interventions while mitigating 

long-term environmental concerns [5]. 

The exploration of circular design and materials is another avenue that beckons. Liu et al.'s study 

touches on the potential for biodegradable and customizable implants9. Such implants could serve 

their medical purpose, gradually biodegrade, and be replaced by the body's natural processes. This 

circular approach aligns with the principles of sustainability, envisioning a future where medical 

interventions harmonize with ecological well-being. 

5. Advancing biomedical devices through metal 3D printing with electronics 

The integration of metal 3D printing with electronics in the biomedical arena has unfurled a 

tapestry of innovative possibilities, spanning from precision components to personalized medical 

implants. In this section, we delve into the current landscape and future vistas of advancing 

biomedical devices through metal 3D printing with embedded electronics. 

Metal additive manufacturing has witnessed remarkable progress, enabling the creation of intricate 

and durable components with exceptional precision. Herzog et al.'s work elucidates the additive 

manufacturing of metals for biomedical applications [10]. The ability to fabricate highly precise metal 

components has revolutionized the production of medical devices, enhancing the durability and 

functionality of implants and prosthetics. 

The study by Goudswaard et al. on wearable electronic sensors demonstrates the integration of 

metal components into flexible and personalized wearables [7]. This intersection of metals and 

electronics paves the way for wearables that not only monitor health but also offer personalized and 

adaptable sensing capabilities, contributing to the realization of connected healthcare ecosystems. 
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The trajectory of metal 3D printing with electronics in the biomedical domain holds immense 

potential. Miniaturization of implantable metal electronics stands as a promising avenue for the 

development of sophisticated devices that can be implanted with minimal invasiveness. The 

advancements in biocompatible metals and fabrication techniques offer a palette of options to 

engineer metal structures that coexist harmoniously with the human body. 

Furthermore, the enhancement of biocompatibility remains a focal point of future endeavors. The 

integration of metal-based devices within the biological milieu necessitates meticulous consideration 

of interactions at the material-cell interface. The ability to engineer metal surfaces that promote 

cellular adhesion and mitigate immune responses is essential for the long-term success of these 

devices. 

6. Nanomaterial-enhanced biomedical electronics through 3D printing 

The evolution of biomedical electronics has embraced the synergy of nanomaterials and 3D 

printing, offering a platform for creating devices that bridge the macro and nanoscales. This section 

delves into the realm of nanomaterial-enhanced biomedical electronics through 3D printing, 

exploring current developments, nanomaterial-infused printing techniques, and the transformative 

potential of these devices in medical applications. 

Nanomaterials, with their unique physicochemical properties, have paved the way for novel 

biomedical applications. Choi et al.'s work delves into the synthesis of functional nanomaterials and 

their integration into 3D printed devices [11]. This study exemplifies the integration of nanoscale 

materials into macroscale constructs, accentuating the precision and versatility enabled by 3D printing. 

The study by Das et al. focuses on the 3D printing of functional nanomaterials for applications in 

energy harvesting, sensing, and healthcare [12]. By embedding nanomaterials with specific 

functionalities, these 3D printed devices transcend traditional sensing capabilities, ushering in a new 

era of sensitivity and accuracy in diagnostics. 

Nanomaterial integration within 3D printing processes encompasses multiple strategies. Zhu.C et 

al. discuss the use of nanoparticle-infused inks, which allow for the direct incorporation of nanoscale 

properties into 3D printed constructs. This approach not only enhances the electrical and mechanical 

properties of printed devices but also opens doors to multifunctional structures with a broad spectrum 

of applications. 

The synthesis of nanomaterial-enhanced bioinks is another avenue of exploration. Choi et al.'s 

study explores the infusion of nanomaterials into biocompatible bioinks, enabling the creation of 

functional constructs for tissue engineering and regenerative medicine [11]. This integration 

introduces the concept of creating biomimetic scaffolds with tailored nanoscale cues, facilitating 

cellular interactions and tissue regeneration. 

The integration of nanomaterials within 3D printed biomedical electronics offers novel pathways 

in medical diagnostics and therapeutic interventions. Zhu et al.'s study highlights the potential of 

nanomaterial-infused devices for sensing, enabling ultrasensitive detection of analytes in bodily fluids. 

Such advancements in nanoelectronics hold significant promise for early disease detection and 

precision medicine. 

Furthermore, the intersection of nanomaterials and 3D printed drug delivery devices stands as a 

notable application. Nanomaterials embedded within these devices could enable controlled release, 

targeted therapy, and real-time monitoring of drug administration5. The integration of nanoscale 

sensors can provide insights into drug efficacy, patient response, and potential adverse effects, 

contributing to optimized treatment regimens. 

The realm of nanomaterial-enhanced biomedical electronics through 3D printing is still in its 

nascent stages, with vast uncharted territories waiting to be explored. As researchers focus on refining 

nanomaterial dispersion within printing inks and expanding the library of functional nanomaterials, 

the potential to create next-generation devices becomes increasingly tangible. The synergy of 
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nanomaterials with 3D printing techniques could pave the way for truly personalized medical devices 

that adapt to the dynamic needs of patients. 

However, challenges such as nanomaterial toxicity, biocompatibility, and scalability need to be 

addressed rigorously before the translation of these innovations into clinical practice. Collaborations 

across materials science, nanotechnology, and medical disciplines are essential to bridge the gap 

between lab-scale demonstrations and real-world applications. 

7. Discussion 

The integration of electronics and biomedical applications through 3D printing has unlocked a 

realm of innovative possibilities, offering a glimpse into the future of healthcare. This discussion 

explores the promising avenues that lie ahead for biomedical electronic sensors products and the 

pivotal role that 3D printing plays in shaping this transformative landscape. 

As we gaze into the future, it becomes evident that the marriage of electronics and biomedical 3D 

printing holds the potential to revolutionize healthcare in profound ways. One of the most compelling 

prospects lies in the development of advanced biomedical electronic sensors. These sensors, 

intricately integrated with biological systems, are poised to empower medical professionals and 

patients alike with real-time data insights. The current advances in wearable electronic sensors 

provide a mere glimpse of what's to come. Wearables that monitor vital signs, track medication 

adherence, and detect anomalies in physiological parameters are likely to evolve into sophisticated 

devices that offer predictive diagnostics and personalized health recommendations. These sensors 

could not only provide early warnings of health issues but also enable proactive interventions, thereby 

shifting the paradigm from reactive to preventive healthcare. 

Moreover, the integration of electronics with 3D printing amplifies the potential of these sensors. 

3D printing's precision and customization capabilities allow for the creation of sensor designs that 

seamlessly fit the body's contours, enhancing user comfort and data accuracy. Customizable implants 

and prosthetics embedded with sensors could offer continuous monitoring, enabling healthcare 

professionals to make data-driven decisions and adjust treatment regimens on the fly. The ability to 

create patient-specific sensors holds the promise of unlocking new dimensions in personalized 

medicine, where interventions are tailored to individual needs, optimizing therapeutic outcomes. 

Additionally, the synergy of electronics and 3D printing extends beyond wearable sensors. The 

creation of implantable bioelectronic devices emerges as a tantalizing avenue. Imagine 3D printed 

implants that not only replace damaged tissue but also sense and respond to physiological changes. 

These bioelectronic implants could autonomously administer drugs, release therapeutic factors, and 

even stimulate neural pathways, ushering in a new era of responsive and adaptable medical 

interventions. The seamless integration of electronics within these implants enables a dynamic 

interplay between the device and the body, where real-time feedback guides therapeutic actions. 

While these possibilities are captivating, they are accompanied by a set of challenges that require 

thoughtful consideration. Data privacy, security, and the ethical implications of constant health 

monitoring warrant careful attention. Moreover, the integration of electronics within the body 

necessitates biocompatibility, minimizing immune responses and ensuring long-term safety. The 

complex interplay of materials, electronics, and biology calls for interdisciplinary collaborations to 

ensure successful translation from bench to bedside. 

In this landscape of future possibilities, the role of 3D printing shines brightly. The versatility of 

3D printing techniques enables the fabrication of intricate sensor structures that seamlessly merge 

with biological systems. The ability to print multi-material constructs allows for the incorporation of 

conductive tracks, sensors, and biocompatible materials in a single device. This multifaceted 

approach aligns with the multifunctionality demanded by advanced biomedical electronic sensors. 

Furthermore, 3D printing's capacity for rapid prototyping and iterative design empowers researchers 

and engineers to experiment with sensor configurations, optimizing performance before finalizing the 

design. This agility expedites the development timeline, bringing innovative sensors to the forefront 
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of medical practice sooner. 

8. Conclusion 

In conclusion, the convergence of electronics and biomedical 3D printing ushers in a new era of 

healthcare where sensors become dynamic envoys of health data and interventions. From wearable 

sensors that empower patients with insights to implantable bioelectronic devices that revolutionize 

medical interventions, the possibilities are both exciting and transformative. As researchers and 

innovators explore these horizons, it is essential to navigate the challenges with ethical considerations 

and rigorous scientific exploration. The symbiotic relationship between electronics and 3D printing, 

rooted in precision and customization, will play a pivotal role in shaping this future, where healthcare 

transcends boundaries and becomes truly patient-centric and proactive. 
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