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ARTICLE INFO ABSTRACT

Keywords: Additive Manufacturing (AM) has recently demonstrated significant medical progress. Due to
Afldit_i"e_ manufacturing advancements in materials and methodologies, various processes have been developed to cater to
Bioprinting the medical sector’s requirements, including bioprinting and 4D, 5D, and 6D printing. However,
ig ggzgzg only a few studies have captured these emerging trends and their medical applications. Therefore,

this overview presents an analysis of the advancements and achievements obtained in AM for the

5D printin
P 8 medical industry, focusing on the principal trends identified in the annual report of AM3DP.

6D printing

1. Introduction

Additive manufacturing (AM), implemented by Charles Hull in the 1980s [1], is usually referred to as three-dimensional (3D)
printing, rapid prototyping, or free-form manufacturing [2]. It is considered an advanced digital manufacturing technique that
directly creates a physical model of complex structures and geometries from CAD models by adding materials layer by layer [3].
Thus, it allows the creation of structures in a shorter period and with reduced costs compared to the traditional manufacturing
method [4]. AM in product innovation can reduce lead times by up to 90% and manufacturing costs by up to 70% [5].

Between 2020 and 2022, a sequence shows that the area dedicated to medicine in AM remains at 22% compared to other fields
where AM is used. This study discusses the importance of developing new trends and improving medical applications. The American
Society of Mechanical Engineers (ASME) recently presented its Additive Manufacturing/3D Printing (AM3DP) Medical Annual Report
[6], where significant participation of AM in some areas of the medical sector during the years 2020 and 2021 is exposed. This report
shows that the development of prototypes and anatomical models are the areas with the most contributions, as shown in Table 1.
Nonetheless, more specific areas such as design and fabrication of prosthesis [7-15], orthosis [16-19], bone tissue reconstruction
[4,20-22], organ fabrication [23,24], dental applications [25-27] and medical device manufacturing [28] have been considered in
this research due to their great potential and development.
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Table 1
Contribution of additive manufacturing in different med-
ical areas during 2020, 2021, and 2022 [6].

Application area 2020 2021 2022
Prototypes 62% 62% 66%
Anatomical models 40% 30% 47%
Tooling and patterns 27% 28% 31%
1 do not use AM/3DP 15% 23% 8%

Prosthesis 29% 21% 29%
Surgical planning 31% 20% 35%
Patient-matched devices 34% 18% 26%
Biofabrication 17% 15% 16%
Serialized devices 11% 13% 12%
Dental 16% 10% 23%
Active devices 9% 7% 10%

By the trends above, medical personnel must have at least some knowledge about the existing 3D printing technologies (3DP)
to identify the process that aligns with their needs to solve a specific medical problem through AM. The solution might consider a
3D-printed product, an AM application, or a new methodology applied by staff to meet medical needs. Innovative answers are found,
such as creating artificial organs, implants, orthoses, prostheses, new surgical planning, and instruments. Additionally, processes
allow new ways of managing or controlling the interaction speeds of external agents with the body’s patient, such as controlled
medication dosage and improvement in the bone growth process with better combinations of materials and techniques that ensure
compatibility. New AM areas are emerging to front-face problems whose limitations cannot be solved [29]. For this reason, the latest
developments in this field are compiled in this document, including bioprinting and other new printing methodologies known as
four-dimensional printing (4DP), five-dimensional printing (5DP), and six-dimensional printing (6DP). These could allow new points
of focus and evolution, giving way to new applications that generate answers and needs to innovate in manufacturing methodologies
through AM, creating a continuous growth cycle.

The article structure was an approach to AM processes used in medical applications in the last ten years. The interest area
focuses on the future trends of AM in medical applications, giving rise to new technological advances from which medicine has been
positively affected. These applications were selected due to a reformulation of the most common medical areas where AM is used,
grouped into implants, prostheses, orthoses, surgical instruments, and prototypes, as shown in Fig. 1. Additionally, new trends were
found, and due to their importance, they have been included and classified as bioprinting, 4DP, 5DP, and 6DP.

The information was organized into sections with topics focused on the previously mentioned structure. Section 2 introduces AM
applied in medicine and its classification, consisting of a general revision of the principal application. Each subsection has a structure
organized with a short description of the method, types of materials applied, main medical applications, and future developments.
Section 3 presents the applications and advantages of AM techniques in medicine. Section 4 introduces the recent tendencies of AM
applied in healthcare. Finally, sections 5 and 6 are devoted to discussions and conclusions, respectively.

2. Additive manufacturing applied in medicine

AM techniques can be classified according to material deposition methods, energy sources, or operating principles [30]. However,
according to the standards established by the International Organization for Standardization (ISO) and the American Society for
Testing and Materials (ASTM), AM technologies can be classified into seven categories [31], presented in Fig. 1. These categories
offer total freedom of design with the necessary adjustments for customization, optimizing the use of the material to be used, reducing
residues, and at the same time, offering more speed in creating prototypes [32].

In the medical sector, the different AM processes are employed according to the type of material used, the degree of precision, and
the complexity required. In the AM3D Printing annual medical report presented by ASME [6], it is reported that material extrusion
was a popular category in the medical sector, with 55% in 2022, demonstrating a 4% increase compared to 2020 and 1% to 2021.
However, in 2022, vat photopolymerization had a higher preference, with an acceptance of 57%, 17% more than in 2021 and 19%
in 2020. The main reason is the increased variety of printing material unavailable before. Finally, powder bed fusion has 51% of
acceptance in 2022, different from 41% in 2021 and 40% in 2020. The rest of the process also contributed to the medical sector, but
their input is shorter compared to the AM procedures previously mentioned.

Nowadays, medical applications with engineering solutions are separated into multiple fields. AM has generated innovative
ways to solve medical problems; implants, prosthesis, orthosis, surgical planning, and prototypes have been developed within them.
Pharmaceutical and food applications are also under research efforts, but these are out of the scope of this article. The following
subsections detail each AM technique according to its ASTM classification and highlight its main medical sector applications. The
information is presented to understand the different processes and is oriented toward future trends in medical applications.

Other approaches have also been considered to illustrate the following sections. First, Mika Salmi wrote a review, “Additive Man-
ufacturing Processes in Medical Applications,” oriented on the different categories of AM and materials used in medical and dental
applications [33]. Also, Chunxu Li developed a review titled “Advances in Medical Applications of Additive Manufacturing,” which
focus on pharmaceutics applications, devices, and implant medical oriented to the patient’s diagnosis, highlighting the limitations to
date of this technology [34].
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Fig. 1. ASTM categories of additive manufacturing.
2.1. Material extrusion (ME)

The process could be fed with different material forms, such as filament, pellets, or paste in a continuous form, which is heated
using a coil above its melting temperature inside an extrusion room [35]. These are principally polymers, metals are a moderately
viable option, and ceramics are the least used through this method [33]. The molten material is ejected through the extruder nozzle
and deposited on the platform layer by layer in a steady stream. The main advantages AM techniques offer in this category are
integrating different materials, cost-effective manufacturing, and ease of part scaling. However, the surface finish is irregular and has
a low print resolution [36]. The applications with great potential within medicine for this category are implants (PEEK [37]; ATP
powder [38]), prosthesis (Lignin biofilament; PLA [39]; PE-PP-ABS [40]), orthesis (ABS, PET, PC, PLA [41]), surgical instruments
(ABS+ [42]; ABS [43]; TPU [44]) and other new trends. This category’s most critical manufacturing technique is Fused Deposition
Modeling (FDM) [45-47]. Related to this classification is the development of better control in the applications of the material used in
3DP. FDM is used to create fabrics like organic tissue, but some research exists on functional fabrics from structured inks to improve
tissue engineering and allow new developments in the future [48].

On the other hand, there is an urgency to improve the organ printing process, which is continuously developing, following new
ways to print organs in high demand. The main organs required are the liver, heart, and kidneys, but it is in its initial stages since
there are still several complications related to the printing process and the materials used. However, as innovation has been going
on, it will be possible to print not-so-complex, fully functional organs [49] quickly.

2.2. Powder bed fusion (PBF)

In this process, input material is used in powder form conformed by polymers, metals (the principal prime material), and ceramics
(as the least used option) [33]. Thermal energy, mainly laser or electron beam, fuses powder particles layer by layer into a solid
part. Manufacturers can benefit significantly from technologies in this category, considering that PBF manufacturing is relatively
inexpensive, features high strength and rigidity in the manufactured parts, and has a high print resolution. However, one of the
drawbacks is slow manufacturing and limited scalability [36]. The most typical applications are implants (Ti64, Co-Cr-Mo [50],
Zr0,-Al,05 ceramic [51]) and prostheses (Co—Cr alloys, CP Ti, and Ti-6A1-4V [52]). Selective laser sintering (SLS) [53-571,
electron beam fusion (EBM) [58,59] and selective laser melting (SLM) [60,61] belong to this category. Regarding the innovations
based on this category, some areas need further development, such as 3DP of porous metallic structures used as implants in the body.
Studies showed that the pores’ size and shape influence the organism’s cellular response, including the differentiation of osteoblasts
and bone structure [62]. Additionally, in the pharmaceutical field, the development of sintering drug methods is considered, which
has allowed the creation of release profiles that could be defined based on changes in the laser scanning speed [63].

2.3. Vat photopolymerization (VP)
For this methodology, the material used must be in a liquid state. Principal materials applied in this category are polymer,

second place ceramics, and metals are not the best option for this process [33]. A liquid photopolymer is placed inside a vat
or tank and cured selectively by a heat source, either by lasers or digital light projectors, due to their low-cost and very high
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resolution [64]. The main advantages in this category are the high speed of construction and excellent surface finish. However,
3D parts manufactured in this category have a short service life and deficient mechanical characteristics [36]. Its typical medical
applications are manufacturing implants (resins [65]), orthosis (polyurethane acrylic [66]). Stereolithography (SLA) [67-69], digital
light processing (DLP) [60,70,23], continuous liquid interface production (CLIP) [71,72] and liquid crystal display (LCD) [73,74]
belong to this category of AM processes. In a matter of advances applied to this methodology, there is interaction development
between equipment with sensors and biocompatible resins to generate response systems; this gives way to creating more complex
systems, providing new fields and improvements in equipment response times [75]. About a prosthesis, components manufactured
in bio-ceramics have been developed, which have shown excellent results with good biocompatibility with the organism for its
application and excellent mechanical properties according to its application [76].

2.4. Binder jetting (BJ)

This process uses the material in powder form, which used to be polymers, such as the preferred alternative. Metals are used
less often, and ceramics are much less [77]. A powder-based material and a binder that acts as a bonding agent between thin
material layers form the 3D part. Its main advantages are low manufacturing cost, varied material options, and printing speed.
However, it produces parts with limited mechanical properties [36]. Typical medical applications include the manufacture of implants
(Diethylene Glycol-Ethylene Glycol, NP 316 SL [78]) and surgical instruments (Z151, PMMA [42]). Through this 3DP process, it has
been possible to enter the pharmaceutical field, allowing the manufacture of controlled drugs; this means that the speed of elimination
can be managed by modifying how it is available. The binder jetting has made it possible to create a drug’s uniformity and manage
a porous structure that offers rapid absorption, which means the physical form can be customized to control its dosing speed [79].
The article “Pharmaceutical application of powder-based binder jet 3DP process — A review” compiles results obtained in applying
BJ in drug creation and modification. The results presented in this article show how It can be improved in engineering, cosmetic,
pharmaceutical, and biomedical grounds through a new technology just starting to develop [80].

2.5. Material jetting (MJ)

The state of the material in this process must be liquid, with polymers being the predominant material in this category. Metals
and ceramics are rarely used [33]. The process is similar to stereolithography, often compared to the standard 2D inkjet process. This
process involves the selective deposition of a photopolymer and an initiator as a building material in droplets to form thin, cured
layers that ultimately form the 3D part [81]. The resulting parts can be multi-material and have a good surface finish. However, they
are usually limited to low-strength applications and require a highly controllable ink viscosity [36]. Potential applications include the
fabrication of implants (ATZ ceramics [82]). While this process is used in various fields, it has been noted that its critical application
lies in creating educational pieces for doctors to identify better a case concerning a patient [83].

2.6. Directed energy deposition (DED)

In order to initiate this process, wire or powder must be utilized as the material process. Metals are predominantly used in this
category, while ceramics are seldom used, and polymers cannot be processed through this method [33]. The utilization of thermal
energy through either electron beams or lasers is implemented to melt materials onto the workpiece layer by layer. Consequently,
these technologies can produce high-quality 3D parts. However, their usage is restricted to metal powders or wire source materials.
Another crucial aspect to consider in DED is the balance between surface quality and printing speed [36]. Typical medical applications
include the manufacture of implants (Titaniums Alloys [84]; Ti-6Al-4V alloy [85]). The leading technology in this category is laser-
engineered net shaping (LENS) [86,87]. Developments have been observed in manufacturing bone implants, as the process allows
for products with properties that mimic the bone’s characteristics. In this case, the degree of porosity influences the production
of osteoblasts. However, it has been discovered that the material’s compatibility can affect bone development. Applying a coating
function through DEP can solve this issue while maintaining the structure’s effectiveness. These advancements open the possibility
of creating joint implants without cement, which was conventionally done [88,89].

2.7. Sheet lamination (SL)

In this category, sheets are utilized as the primary material, typically composed of polymer or metal, except for ceramics, which
are manufactured through a differing process. However, it is worth noting that this category has yet to make significant progress or
yield significant contributions within the medical field [33]. The manufacturing process involves stacking several layers of composite
material through laminates to produce a 3D object. These sheets are cut using either a knife or laser and are relatively easy to handle
and cost-effective, making it a process of high quality. However, the finished product’s quality mainly depends on the adhesive
used and may require further processing [36]. Typical medical applications include the manufacture of prostheses (PLA, CFRC [90])
and surgical instruments (sheets [28]). Among the technological advancements highlighted in this category are Laminated object
manufacturing (LOM) and ultrasonic additive manufacturing (UAM) [91]. One noteworthy application for this category is creating
CT scan image representations, enabling more detailed and precise body scans. Obtaining these images involves taking layered scans
of the body, which are then ordered and compiled to produce a 3D patient model, thereby improving diagnostic conditions [92].



J.L. Amaya-Rivas, B.S. Perero, C.G. Helguero et al. Heliyon 10 (2024) e26641

3. Medical applications of AM techniques

Clinicians have effectively utilized various 3D printing technologies to cover various medical applications [93]. These include
implants, prostheses, orthoses, surgical instruments, prototypes [94], and other applications unrelated to the overview aim. Models
produced through AM technology are handy for surgeons performing preoperative procedures that improve surgery success rates
[95]. One of the most significant benefits of employing AM in this area is developing better planning before proceeding to the
operation room. This technology eases the process of studying the patient’s condition, enabling efficient planning that reduces
time and indirectly mitigates risks to the patient. The principal advantages of this technology include the ability to predict potential
problems during the surgical process and prepare alternative procedures or specialist materials to address any potential complications
[96]. This section focuses on the most critical medical applications where AM technology is essential.

3.1. Implants

Implants are permanently or temporarily grafted devices into the body to assist, improve, or maintain its function or contour
[97]. Applying AM in medical materials for implants offers several advantages, including reducing response time to meet patient
needs. Reducing waiting time is significant since there is a shortage of available organ transplants, and compatibility between the
patient and the new organ is often low. AM also offers the versatility of creating customized implants based on the specific medical
situation. Moreover, the production cost of customized implants is more accessible than previous methods, making it easier to attend
to the needs of patients. Scaffold implants also support structures and join body parts when the bone has experienced a fracture
or a fissure. AM in producing these implants allows the adaptation of the plate’s shape according to the area’s requirements before
surgery and promotes bone healing [96].

In the medical industry, AM techniques are increasingly crucial for the application of medical implants, especially since they
allow for the realization of defined graded pores and filigree structures [82]. Furthermore, implants can be made more functional by
implementing and controlling the local release of therapeutic products [98]. Powder Bed Fusion (L-PBF) technologies are promising
techniques for the fabrication of implants [99] with complex internal architectures with small strut sizes [100], and optimization of
the printing parameters is crucial to obtain a better performance of the implants [101]. Additionally, these technologies allow for
the combination of different materials to find the ideal combination of composites that matches the mechanical properties of the
implants with the surrounding bone and tissue [102]. Although titanium alloys are the most commonly used materials due to their
biocompatibility properties, super plasticity, and corrosion resistance, they have a high elastic modulus leading to bone resorption
[103]. Implant fabrics of titanium can be structured with biometric pores to achieve an elastic modulus similar to cortical bone [104],
improving osseointegration, providing better antibacterial properties, and preventing future infections [105]. Another challenge is
using biomaterials that allow osseointegration and absorption in the body without causing side effects [55]. For this reason, one
challenge is using biomaterials that allow osseointegration and absorption in the body without causing side effects [106].

Functional biometric networks are attracting the interest of researchers and surgeons for application in the design of bone implants
[107]. Recently, L-PBF technologies have been used for the first time to produce Schwarz [108], gyroid, and diamond [107] unit
cell networks to improve the mechanical properties required for their application. Additionally, it is possible to reduce the excessive
weight of printed implants using the SLM technique by depositing titanium alloy coating layers on the surface using the arc ion
plating (AIP) system [109]. Among the recent applications using AM techniques are the creation of Temporo Mandibular Joint (TMJ)
implants [110] and the reconstruction of a bilateral ramus-condyle unit (RCU) defect [111] using the SLM technique. Finally, the
manufacture of anatomical tracheal stents, based on ABS molds, was developed by FDM, and a chemical post-treatment using 100%
acetone vapors was applied to improve the surface finish [47]. A device that applies UV treatment of porous implants to improve
osseointegration while preserving their original topography and other morphological characteristics was also presented [112].

3.2. Prostheses

Prostheses are artificial devices designed to replace body parts that have been amputated or have not developed properly due
to congenital anomalies [13,12]. In some instances, surgical intervention may be required to replace damaged parts of the patient’s
body, such as heart valve [14], dental [113] and pelvic prostheses [114]. Prostheses are advantageous because they can be customized
according to the patient’s condition, allowing for tailor-made solutions to personal shortcomings and improving manageability and
comfort for the user. With the advent of AM, patients can now easily access personalized prostheses and receive prompt solutions for
their complications [96].

By 2050, the number of amputees in the U.S. alone will be approximately 4.4 million, highlighting the critical need for new man-
ufacturing techniques to improve their performance [115]. While conventionally manufactured prostheses offer simple gross motor
functions, AM techniques like fused filament fabrication and fused deposition of filament offer improved design and functionality
that closely mirror limbs in the human body [116]. Soft tissue prostheses can also be produced through AM technologies, such as
the ocular epithesis fabricated by Vat photopolymerization for maxillofacial rehabilitation. With shorter production and consultation
times and improved personalized results, AM offers significant advantages over traditional manufacturing techniques in prosthetic
devices [8].
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3.3. Orthoses

Orthoses are external devices used to correct or improve the use of a body part, typically for individuals with difficulties func-
tioning in their arms or legs due to deficiencies or deformities. Unlike surgical interventions, orthoses can be fitted and removed
by the patient [117], allowing for a more patient-centered approach. The advantage of this ground lies in the ability to achieve an
excellent coupling with the patient. When designing a custom orthosis, it is crucial to fit the product appropriately to the geometry
of the area, especially in cases of existing anomalies or deformities [96].

AM allows for the development of more economical and accessible custom orthoses. The most commonly used technique for
designing orthoses using AM is FDM, where the choice of materials plays an important role. The most commonly used materials for
orthoses are thermoplastics, and carbon fiber [118]. A recent study has demonstrated that carbon fiber-reinforced polymer (CFRP)
is more efficient and sustainable than traditional materials for ankle-foot orthoses [18].

3D printing (3DP) can eliminate several steps associated with traditional ankle-foot orthosis (AFO) fabrication methods and
provide the design freedom to custom-fit orthoses to individual patients [119]. For hand orthoses, a study has shown that ABS
material printed using FDM [17], resulted in better mechanical performance than PLA. Furthermore, selective laser sintering (SLS)
has been implemented to fabricate an orthosis for patients with spastic paralysis, significantly increasing hand functionality [120].

3.4. Surgical instruments

This component plays a critical role in healthcare systems as it serves as a tool to prevent, diagnose, treat, and rehabilitate
diseases safely and effectively [34]. Its primary purpose is to enable medical personnel to improve procedures through appropriate
instrumentation [96]. Benefits of this include reduced patient exposure time during a medical intervention, improved accuracy,
and reduced failures due to inadequate instrumentation. It is crucial to note the material used in its manufacture as it must not be
carcinogenic, pyrogenic, toxic, allergic, or inflammatory [121].

One of the most significant advantages of AM technologies in manufacturing surgical instruments is their ability to produce
efficient devices that meet the increasing demands within hospital operating rooms, all while being low in production cost [34] and
manufacturing time [122]. Through AM, surgical instruments used in inguinal hernia surgery were designed without conventional
stainless steel tools [123]. In a recent study, 3DP impression allowed the production of space support for intraesophageal sutures.
These results achieved higher intraesophageal suture placement, thus allowing better intraesophageal resection [124].

Numerous studies have proposed new devices, such as an articulated mechanism that mimics the functionality of fingers, produc-
ing more excellent mechanical stability while avoiding gauze and allowing for efficient surgery [125-127]. There was also a proposal
for a 3D-printed branched-over tube system combined with conventional endoscopes and instruments [128].

AM has also allowed the design of smart steerable needles, the first bipolar steerable forceps, and a 3D-printed device for trans-
anal endoscopic surgical procedures that provide adequate working space without inflating the rectum [129]. In summary, AM
technology has contributed significantly to the medical field, providing innovative solutions and improved patient outcomes.

3.5. Prototypes

This section aims to create designs for educational purposes and innovative proposals. It encompasses surgical planning and aca-
demic study applications for future doctors, generating prototypes that allow solving problems and reaching conclusions appropriate
for medical complications that can occur in an operating room or for concerns due to a lack of understanding during the university
stage [96].

In the field of surgery, medical personnel must be prepared for different situations. While some interventions are common and do
not require a significant difference in the procedure carried out between patients, sometimes, there are medical complications that
require better study during the preoperative period. A prototype uses a CT patient scan, an image processor for modeling, and a 3D
printer to prepare a surgical procedure according to the needed [130].

For academic purposes, it has been found that complex systems can be challenging to visualize during the university stage. Among
the many alternatives that promote assistance in studying are virtual models, three-dimensional anatomical models, and books
with detailed and updated information. Another option available is printing 3D models of cases, which allows medical students
to comprehend better the dimensions of models with real or proportional scales. Training with phantom models enables them to
visualize different intern anatomic structures and the impression of complete, partial, or isolated systems of the areas of interest the
student seeks to reinforce and understand [131].

4. Latest trends in AM applied to medicine
4.1. Bioprinting

Bioprinting has experienced substantial growth and demonstrated remarkable potential for various biomedical applications [132].
Bioprinting allows for creation of complex 3D architectures incorporating living cells using bio-inks, such as stem cells, tissues, and

organs suitable for human use [133]. This technology can eliminate the need for transplants from living donors or cadavers and even
regenerate organs and tissues [132]. The process of bioprinting, illustrated in Fig. 2, begins with a biopsy of a real organ and employs
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Fig. 2. Schematic illustration of the steps for 3D bioprinting.

technologies classified into four categories: extrusion-based, droplet-based, SLA-based, and laser-assisted [134,135]. Although laser-
based inkjet bioprinters are best suited for high resolution and precision positioning, extrusion-based, SLA-based, and droplet-based
bioprinters enjoy more widespread use due to their cost-effectiveness and versatility [136,137].

While significant progress has been made in developing 3D bioprinting, several challenges remain, particularly in the context of
living cells in printed structures [138,139]. Bio-ink must be cytocompatible, constituting a critical barrier to practical and clinical
progress in bioprinting [133]. Despite this, researchers and doctors continue to focus on future projections in the health area, with
significant advances reported recently in skin modeling using 3D bioprinting methods compatible with human skin [140]. However,
bioprinting applications in respiratory sciences have been relatively limited, with only a few studies developing tracheal grafts
and lung-on-a-chip models [141,142]. Bioprinting has proven incredibly useful in tissue engineering, regenerative medicine, and
artificial organ printing. It is clear that 3D bioprinting has opened new frontiers in the biomedical field and can potentially bring
about significant advances in modern medicine [143].

4.1.1. Applied bioprinting in tissue engineering/regenerative medicine

Human bones can heal and regenerate from minor injuries and fissures. However, this capacity is lost when bone defects or
injuries exceed a critical size of 10 mm [144-146]. Approximately 2.2 million bone transplants are performed worldwide annually,
resulting in a surgical cost of approximately $2.5 billion [30]. Thus, there is an increasing interest in studying new techniques and
technologies to improve results and reduce costs. One such technique is tissue engineering (TE), where living cells are cultured
and seeded into biocompatible scaffolds to fabricate implants that enable tissue regeneration [147]. It is important to note that
advances in 3D bioprinting techniques have been instrumental in developing and evolving tissue engineering [133]. Biodegradable
bone implants show promising potential for repairing bone defects, with the ideal implant degrading at a rate proportional to new
bone formation [148]. However, optimal TE scaffold performance manufactured with AM technologies is still being pursued [30].

An ideal TE scaffold should possess appropriate mechanical properties and a structure with high interconnected porosity to
enhance protein absorption and bone tissue growth. These structure types promote biocompatibility, degradability, osteoconduction,
osteoinduction, and permeability [30]. Ensuring cytocompatibility of the biotin is a fundamental prerequisite for effective bone tissue
regeneration. Amorphous magnesium phosphate (AMP)-based bio-ink has been shown to form bone tissue in regenerative dentistry
applications [149].

The 3D bioprinting technique is used to overcome vascularization challenges and effectively construct vascularized and os-
teogenetic tissues [150]. For example, 3D bioprinting has been used to fabricate liver tissue, mimicking the microstructure and
microenvironment of the liver model [151]. In another significant achievement, tissue engineering was used to design the world’s
first synthetic trachea, resulting in the first human airway transplant. Researchers describe this achievement as “the end of the begin-
ning of tissue engineering” [152]. The most crucial aspect of tissue engineering and regenerative medicine will be the development
of innovative and more printable biomaterials for scaffolds, implants, and other products [133].

4.1.2. Artificial organs

According to statistics on organ donation, it has been reported that in the United States alone, approximately 104,000 patients are
currently waiting for an organ transplant. Every day, about 17 people die while waiting for an organ transplant [153]. The organs
in highest demand and priority for manufacturing are the liver, heart, and kidney [154]. The extensive waiting list for receptive
organs is a cause of great concern and challenge in the medical sector. These problems have been a strong incentive to improve AM
techniques and technologies in organ printing to achieve products that more closely mimic natural tissues [133].

AM uses different 3D printing techniques for organ fabrication, such as fused deposition modeling (FDM), which falls under the
category of material extrusion and is commonly used due to its low cost and moderate flexibility [24]. However, the inkjet technique
is also applicable. The successful fabrication of artificial organs using 3D printing technology depends on the appropriate selection
of biomaterials with specific characteristics. Biocompatibility is the most crucial factor, as the material must not elicit an immune
response or cause tissue rejection when implanted in the human body. This property ensures that the biomaterial can adequately
respond in the human body during a specific situation [155]. In addition to biocompatibility, excellent mechanical properties are
also essential for biomaterials, as they must possess mechanical stability and be harmless to function as a natural substitute [156].
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Fig. 3. Schematic presenting the phases of 4D printing [164].

Moreover, porosity is another critical factor that allows tissue growth and promotes specific interaction with the available surface
area’s target molecules, ensuring that the organ is functional and can perform its intended purpose [157].

3D bioprinting as a method for manufacturing artificial organs has managed to overcome certain drawbacks to meet the needs
of patients [158]. This technology provides the opportunity to make implantable organs developed from the recipients’ cells them-
selves, thereby reducing the likelihood of rejection of the manufactured organ [159]. Therefore, AM technology and bioprinting are
considered appropriate technologies to meet the challenges of complex vascularized tissue manufacturers [160]. However, organ
manufacturing has certain limitations, such as the lack of diversity of biomaterials [161] and limitations of 3D printers in speed
and resolution. It is possible to achieve a resolution of 200 um - 400 um using microfilament extrusion, as inkjet-based prints only
achieve a resolution of 20 um to 100 pm. Furthermore, high shear stresses cause damage to the bio-ink cells [133]. Another important
drawback is that long human trials are usually required before the transplantation of these organs, which can be risky in most cases.

4.2. 4D printing: definition, advantages and applications

This method is a variant of 3D printing that incorporates smart materials (SM) capable of self-transforming when exposed to
external stimuli, such as thermal, electrical, magnetic, or mechanical. A smart design is created that programs the behavior of SM
following a particular stimulus. This design enables understanding how the product changes shape, making it possible to consider
the printing process. The printed product has more than one shape, with defined characteristics that can be altered by a stimulus,
changing its physical form or properties [162].”4D” refers to the time dimension, signifying that the product changes shape after
printing due to the stimulus. Fig. 3 illustrates the schematic representation of the 4DP process; the 4DP process comprises five main
factors: material, stimulus, AM printing process, modeling, and interaction mechanism [163].

The product properties obtained using 4DP have numerous applications, but in medicine, the technique can help repair, regener-
ate, and replace diseased and damaged cells, tissues, and organs [165,166]. This technique assumes that tissues and organs produced
using 3D bioprinting should remodel and mature over time, like human body cells [167], to adjust their properties to achieve the
required functionality [168]. 4DP has given AM more influence in the medical sector in recent years than 3D technology [169,170].
This technique has changed lives, showing promising results in patient studies, as it provides opportunities to produce complex
dynamic structures with high resolution, which are inaccessible through 3DP [171]. 4D-printed tissues and organs are expected to
function naturally in the body after transplantation. Still, the proper selection of SM is required, just like cell-free printed structures
such as prostheses or biomedical implants. However, this technology still requires technical advances in several disciplines in the
long term, involving software, modeling, kinematics, and biochemistry [172].

Recent studies have shown promising results of 4D bioprinting applications for tissue creation, with the potential to mimic
complex movements of native tissues in the body, such as the heart [173]. However, selecting appropriate bio-inks for bioprinting is
a challenge since the viscosity of cell-loaded bio-inks must be low to avoid shear stress during the printing process and prevent cell
damage [174,175].

4.3. 5D printing: definition, advantages and applications

The concept of 5D printing is considered a recent development in 3D printing [176]. This technology presented the ability to
print 3D objects with concave or curved shapes with high precision. Two additional axes were incorporated to achieve the printer
process, namely the rotation of the printing platform and the extruder head, and this new methodology was termed 5DP [177]. 3D
and 5DP techniques deploy similar technologies, such as using 3D CAD files and the same printing materials [178].
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Standard 5DP procedures consist of three phases: pre-printing, printing, and post-printing, which must be validated and checked
for model adherence to ensure the desired outcomes. Key considerations include requirements, model orientation, trajectory genera-
tion, printing process analysis, and digital model adherence [179]. A diagram of the 5D printer is presented in Fig. 4.

There are numerous advantages to using 5DP technology, including printing curved or concave layers with high resolution and
precision and an overall strength of approximately three to five times greater than 3D printed items. It is expected to overcome
limitations in 3D and 4DP technologies [177]. For example, a concave lid is difficult to 3D print, as it requires numerous fillers,
support, and a complex design, easily overcoming obstacles with 5DP [180]. 5DP can save up to 20% to 30% of printing materials
for curved or concave surfaces. However, 5DP printing has disadvantages, namely the added expense of two more axes and the need
for highly-skilled personnel to operate and maintain 5D printers [181].

Looking toward future developments in 5DP, exist the possibility of integrating machine learning (ML) and artificial intelligence
(AI) to generate the intelligent use of materials to create multifunctional, ecological, and biocompatible components [182]. As a
novel manufacturing process, 5D technology is set to overcome limitations in the medical sector [183], such as increasing the
hardness of the manufactured material and precision required in dentistry and offering the potential to manufacture artificial bones
with complex curves and exceptional strength for use in surgery [181]. In tissue engineering, 5PD can create bio-patches that
identify specific infections through design or be used to deliver drugs [182]. The growth of 5DP in pharmaceutical applications
is on the horizon, with potential growth within the next year [184]. Bioprinting applications demonstrate the superior results of
5DP technology, as bio-inks have cell encapsulation, which negatively affects the mechanic product printed properties, while 5DP
produces quality products that maintain cellular properties [185]. Quality is important in orthopedic applications to achieve the
desired objective of obtaining strong and complex properties [176].

4.4. 6D printing: definition, advantages and applications

This innovative printing method is a result of merging 4DP and 5DP. It uses five degrees of freedom to produce the final object,
requiring the designer to create a smart design that considers the properties and changes involving shape memory (SM). This material
can modify its shape or properties in response to environmental stimuli [178]. Fig. 5 illustrates a schematic diagram explaining the
6DP process. The objects manufactured through this technique are expected to be stronger and of higher quality than those produced
using previously mentioned methods, resulting in reduced printing time and material savings.

Furthermore, printed structures or objects made using 6DP are expected to exhibit intelligent behavior with unique stimulus-
response features. The intelligence of the materials can improve through the integration of computational optimization approaches
[178]. Additionally, 6DP can support using single-phase polymers and nano-reinforced polymers as raw materials [186,187], thus
increasing the design complexity. As a result, the cost of the 6DP process will likely be high and contingent on the production batch
size and automation level involved [178]. However, its main limitations include additional calibration, standardization requirements,
and a higher setup cost. Similar to those involved in the 5DP process, skilled personnel are required for this printing technique [188].

One potential application of this technology in orthopedics is the production of “smart casts” that exert appropriate mechanical
corrective loads in specific areas to maintain perfect fracture alignment while providing comfort to patients [189]. This behavior
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Fig. 5. 6D printing as the combination of 4DP and 5DP.

is achievable through SM, which can change shape, creating more space or narrowing it depending on the presence or absence of
edema in the affected limb. Smart medical implants can treat complex medical cases using SM and the structural enhancements
provided by printing with five degrees of freedom. Bone printing can achieve excellent results due to its ability to replicate the
characteristic curve bone shape, while parts that need specific behavior modifications through stimulation can be printed with a
specific SM [188]. In addition, printing bio-inks with 6DP can enhance their production process, using SM-based materials with
better mechanical properties through 5DP, resulting in a higher quality of tissues with programmable behavior [185].

Table 2 presents a compilation of notable advancements that are considered representative due to their potential for future
innovations in the respective areas where they are being developed. The table provides information on the application, printing
process, materials used, and a brief summary of the findings from the referenced documents.

5. Discussions

This overview aims to gather information on the latest trends in AM and its applications in the medical field, where diverse
outcomes have been obtained. Through literature research, the present document has been made within the updated information
on bioprinting, 4DP, 5DP, and 6DP. However, it is worth noting that, to date, there have been limited substantial contributions
towards using 5DP and 6DP technologies in medical settings, with only minor exceptions. The present section has a double purpose.
The first is to address the different perspectives when discussing the aforementioned technologies; and the second is to discuss the
direction of new trends. It is important to mention that the authors have not considered certain fields in the medical areas. The
pharmaceutical sector focuses on developing medicines with complex geometries and materials with multiple release profiles. The
AM processes used for drug fabrication are mentioned in this document. Most printed drugs product depends on the material selected,
its characteristics, and how it is administered to the body [205]. Research in food engineering has focused on control applications,
with future proposals for 4DP, 5DP, and 6DP technologies [185]. The main objective of using AM for food production is to manipulate
the structural design of food, which can impact nutrition and texture, particularly for individuals with special dietary requirements
due to medical conditions [206]. Although these fields were not the principal focus of the article, they are mentioned, given their
importance and relationship to medical practices, as they involve interaction with the human body.
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Latest Application Method Material Reference
Trend
Implant ME Collagen Lee et al. (2019) create engineer components of the human heart at
various scales, from capillaries to the entire organ [190].
Irgacure Lan li et al. (2021) repair of long segmental bone defects in situ [191].
PEGDA
Sodium alginate
Ecoflex-0030 Zhou et al. (2021) present a high printing methodology accuracy in
PDMS-1700 situ by a superimposed magnetic field for internal organs [192].
oo
E ME/PBF PLA Capel et al. (2019) proposed a methodology to generate reproducible
) PA 12 and scalable tissue-engineered primary human muscle [193].
S
M Tissue reconstruction ME Sodium alginate Dai et al. (2017) proposed a method to fabricate self-assembled
Gelatine multicellular heterogeneous brain tumor fibers to study their behavior
Fibrinogen with an organic matrix [194].
Alginate Luo et al. (2017) produce porous scaffolds to promote water
PVA absorption and manipulate mechanical properties [195].
Gelatin Rodriguez et al. (2017) develop a material system to provide
Glycerol structural support during reconstruction process to soft tissue [196].
Ambulatory procedures ME Nanocellulose Rees et al. (2015) Create wound dressing with antibacterial properties
[197]. and porous structure
Implants ME PLA Lin et al. (2021) developed a patient-specific absorbable left atrial
Fe;0, appendage occluder (LAAO) that can match the tissue deformation of
the left atrial appendage (LAA) [198].
Smart Material Castro et al. (2017) developed multifunctional smart materials applied
Development in bioprinting [173].
BDE Cui et al. (2019) built a brain model of near-infrared light (NIR) to
PBE evaluate the capacity for controllable 4D transformation and the
DA feasibility of photothermal stimulation for modulating neural stem cell
Graphene behaviors [199].
nanoplatelets
VP PCL Zarek et al. (2017) fabricated a printable shape memory endoluminal
4DP device with a series of medical imaging modalities [200].
Prototype ME DBBM Lépez et al. (2018) developed large-scale structured elements with
BDM prebuilt orientation to increase the work they can do in a robotic
n-butylamine application [201].
Tissue reconstruction VP SOEA Miao et al. (2016) tested soybean oil epoxidized acrylate how a novel
Acetone and renewable liquid resin to biomedical scaffolds highly
BTMP biocompatible [202].
GO Fang et al. (2020) proposed a process to induce magnetoelectric
Carbon Porous conversion for growth factor release and cell stimulation for enhanced
Nanocookies neuronal cell activation and proliferation in vitro and in vivo [203]
4-HBA
PU-EO-PO
Irgacure 819
Implant/Tissue reconstruction ME Alginate Foresti et al. (2020) developed devices with a low impact on cell
death nano-laden with fluorescent particles applied in scaffolds and
high-resolution self-dissolving incorporating nanoparticles and
5DP interacting organ physiology where it will be used [179].
Prototypes VP ND Gillaspie et al. (2016) show a procedure to analyze a patient state with
a complex thoracic tumor scan and print for surgical planning [204].
6DP Implants Propose projection for future Haleem et al. (2018) propose a method to create implants with high
applications resolution due to the use of multi-degree of freedom and a printing
biomaterial that reply body system organic behavior [176].
Legend PEGDA (Poly(ethylene glycol) diacrylate), PDMS (Polydimethylsiloxane), PLA (Polylatic Acid), PA-12 (Polyamide-12), PBE (poly(propylene

glycol) bis(2-aminopropyl) ether), DA (decylamine), BDE (Bisphenol A diglycidyl ether), PCL (Polycaprolactone), DBBM (diacrylate
1,4-bis-[4-(6-acryloyloxyhexyloxy)benzoyloxy]-2-methylbenzene), BDM (2-benzyl-2-(dimethylamino)-4-morpholinobutyrophenone), SOEA
(soybean oil epoxidized acrylate), BTMP (bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide), ND (No defined)
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5.1. Multi-dimensional, multi-axis, and multi-material vs. 4DP, 5DP and 6DP

During the development of the bibliographical foundation of the document, using the methodology with the chosen search
criteria, it was discovered that some authors had differing opinions on how particular technologies were addressed. In certain
documents, terms such as “multi-axis”, “multi-dimensional”, and “multi-material” were used when referring to 4DP, 5DP, and 6DP
technologies [207]. It must be clarified that a significant scientific faction adopted the “X” DP terminology. However, it is not a
correct term because the final product is not printed using 4, 5, or 6 dimensions. Instead, it is printed with three dimensions, such
as all-manufactured products. The confusion arises because printers use axis systems that provide various degrees of freedom (DOF).
A traditional 3D printer has only three DOF since it has three axes: X, Y, and Z. Technological advancements have led to printers
with more DOF, with models featuring four, five, or even six DOF. Notably, multi-dimensional can refer to any process involving
more than two DOF. This can refer to anything with multiple movement dimensions, which should be considered during the search
process.

Concerning the usage of SM technology, multi-material processes present a similar problem when dealing with terminology.
While 4DP involves using SM to create an intelligent print that can change shape with time based on external stimulation, so-called
multi-material processes may require explicit clarification as they tend to generate confusion. A 4DP process can be classified as
multi-material, but not the other way around due to multi-material processes related to the number of materials utilized during the
printing process, whether traditional or SM, and the demand for at least two materials. For example, a process with a multi-material
(2 or more) and multi-axis/multi-dimensional (2 axes or more) system can generate products. However, it can still be a widely known
3D commercial product since it may feature two traditional materials and create with 3 DOF.

Nevertheless, information collected for the present manuscript was based on the nomenclature that has become widely accepted
in the scientific domain. While 4DP, 5DP, and 6DP are non-technical names, they are widely recognized as such, so for developing a
new trends section, they will be treated as such. While the technical terminology was sparsely based, concerning references compared
to commercial terminology, readers may seek multi-axis or multi-dimensional alternatives to refer to the DOF. At the same time, multi-
material can be used to uncover mixtures of traditional materials with SMs leading to shape-changing products.

5.2. Projections and new trends

The latest advancements in AM have demonstrated high effectiveness as potential solutions to the current limitations in medical
interventions. Extensive research has been conducted, providing opportunities for future applications based on the outcomes of
ongoing experiments. Recent trends have shown an increased interest in enhancing medical procedures with the emergence of new
technologies. Noteworthy efforts are being made to develop materials that generate new studies, leading to the discovery of novel
applications.

5DP and 6DP technologies have contributed little due to their relative novelty. However, they are being utilized to develop
methodologies and approaches that meet medical requirements as per the need. It must be underscored that innovation’s raw
material component holds great significance, particularly in areas such as implants and tissue engineering. Developing an impression
material analogous to the body’s requirements concerning biocompatibility, mechanical resistance, and response to stimuli is the
most challenging aspect of these research areas.

Therefore, 2020 and 2021 witnessed an increased interest in the ME fields, while new materials for VP were developed, resulting
in a surge in their usage in 2022, far surpassing the primary one in subsequent years. The increase was confirmed by expanding the
bibliographic base, as the most abundant content was focused on preparing and creating biocompatible matter for use in organisms.

6. Conclusions

Over the last decade, AM has experienced significant growth in various areas, particularly in the production of complex parts
utilized in the medical field. AM has advantages over traditional manufacturing processes, including the reduction of material and
manufacturing time, as well as the ability to create parts with different strengths and functionality. Although 3D printing is considered
a mature process due to its many years of development, there are still limitations that scientists and doctors are trying to address by
incorporating new printing techniques and materials. These new proposals have led to emerging technologies such as bioprinting,
4DP, 5DP, and 6DP for new applications.

One of AM’s most significant achievements has been the incorporation of 4DP. This process allows organs and implants to react
similarly to the human body by using shape memory materials (SM) that respond to external stimuli. Despite significant progress in
4DP, SM is still limited to responding to only a few stimuli. Consequently, bioactive structures that mimic human tissues have not yet
been achieved. However, ongoing projects aim to create new alternatives to achieve such similarities. Meanwhile, efforts are being
made to improve bio-ink advancements to enhance the material’s interaction with the human body, improving coupling.

Technologies such as 5DP and 6DP are still in their early stages of development for medical applications. Nevertheless, efforts
are focused on creating solutions systems for real problems. The reviewed documentation underscores the advances in prostheses,
implants, and orthoses are increasingly promising and result in optimally created complex products. Therefore, it is vital to develop
bibliographic reviews to visualize the development of each field and measure and highlight the growth of the process, its qualities,
applications, and effectiveness.
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