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Additive manufacturing (AM) is a powerful approach in healthcare to augment the functionalities of patient-specific
medical products and surgical tools. One such area of the healthcare industry is surgical planning and procedures,
where the benefits of AM can revolutionize the industry. AM technologies, commonly known as three-dimensional
(3D) printing, can change the conventional surgical methodology from “open-detect-operate-close” mode to “detect-
open-operate-close” mode. However, the use of 3D printing in surgical planning has been hampered due to the limited
availability of literature reports thoroughly examining the advantages and drawbacks of this technology in clinical
settings. Hence, this review explores the widespread use of additive manufacturing, multi-materials, metamaterials,
4D printing, and artificial intelligence in surgical planning for complex surgical procedures in spine, orthopedics,
dentistry, cardiology, gynecology, and neurology. This review focuses on meticulously adjusting the lattice structure
of metamaterial during 3D printing to achieve specific mechanical properties. It further delves into 4D printing to
achieve dynamic capabilities in 3D printed models for better integration with host tissue. Furthermore, it highlights
the key aspects of combining AM with Artificial Intelligence/Machine Learning (Al/ML) models in healthcare to
automate 3D model production, reducing human intervention. This comprehensive review offers bioengineers, clinical
scientists, and clinicians a platform to explore AM and its potential for addressing pre- and post-surgical operations
challenges, providing valuable insights for biomedical engineering and healthcare advancements.

Wider Impact

The review article “Transforming Surgical Planning and Procedures through Synergistic Use of Additive Manufacturing, Advance Materials,
and Artificial Intelligence: Challenges and Opportunities” represents a pioneering effort to consolidate the latest advancements in additive
manufacturing technologies for personalized surgical planning and procedures. This aims to promote the use of personalized 3D anatomical
models and surgical guides for real-time simulation of complex surgeries in orthopedics, dentistry, cardiology, gynecology, and neurology.
Unlike the published reports focusing on limited aspects, our comprehensive review article offers a unified perspective, providing a
comprehensive understanding of the role of advanced materials, processes, and additive manufacturing technologies in surgical planning and
their execution. This review explores the synergistic use of additive manufacturing, multi-materials, metamaterials, 4D printing, and artificial
intelligence to address the challenges in conventional surgical models. The discussion also includes dynamic and patient-specific 3D models
to replicate anatomical and intricate biological properties of tissues and organs, offering potential solutions to global health problems. These
transformative approaches in additive manufacturing for surgical planning ensure safer and more efficient diagnoses and treatments for both
pre-and post-surgical challenges, paving the way for a promising future in healthcare.

Please do not adjust margins




1. Introduction

The current additive manufacturing (AM) market is about $13 billion
and is expected to reach $70 billion by 2030. [!l AM, often known as
three-dimensional (3D) printing, is a revolutionary technology that
has found its broad use in the healthcare industry.[?! The advantage
AM offers over conventional manufacturing techniques is its
extensive customization for medical applications based on patient-
specific data.®! Due to this, AM is being explored for several activities
in the healthcare industry, such as medical device prototyping,
surgical planning, monitoring, and outcome analysis.

One of the procedures in hospitals is surgical planning, which is
traditionally carried out through 3D computer visualization. The
visualization quality depends on the volume rendering of stacks of
two-dimensional (2D) image scans.[! Compared to CT scans,
radiologists often prefer MRI for soft tissue imaging due to its high-
resolution tissue characterization and absence of ionizing radiation
exposure.l! Nevertheless, CT is still being used for challenging tissue
imaging. Advanced imaging techniques gather multi-parametric and
multidimensional data, allowing for high-resolution imaging that
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realistically reconstructs anatomy and characterizes the tissues.[®!
However, such image models are still in virtual platforms with no
physical feel of the actual tissue or organ. The lack of haptic feedback
in 3D virtual models hinders learning and eventually affects surgical
outcomes. By enabling physical interaction such as touching, rotating,
and examining anatomical structures, 3D printed models effectively
overcome the lack of tactile feedback found in virtual simulations.[”]
To support realistic surgical training, the materials used for these
models must provide accurate force feedback, allowing trainees to
sense and respond to different pressure levels. 8] Additionally, these
materials must endure sterilization processes to maintain hygiene
and structural integrity during repeated use, helping to minimize
infection risk. Several including polylactic acid®,
polymethyl methacrylate, polyethylene terephthalate, polyamides,
and thermoplastic polyurethane, fulfill requirements.
Anatomical models created through 3D printing have proven

polymers,
these

especially valuable for simulating complex structures and procedures.
[101111] For example, Kiraly et al.l'2] created 3D-printed prototypes of
malformed hearts to explore complex spatial relationships at the
aortic arch and simulate the operative procedure for congenital heart
disease (CHD). Intraoperative assessment confirmed the anatomical
precision of the 3D models. In another study by Kiraly et al.[*3], rigid
“blood volume” and flexible “hollow” heart models were used for the
preoperative planning of CHD. The results showed that 3D models
refined diagnostics in 13 out of 15 cases and provided new
anatomical information in 9 out of 15 cases. The prototypes
significantly approach and
intracardiac repair in 13 cases, with no operative morbidity or

improved or altered the surgical

mortality. Extending this precision to renal surgery, researchers
leveraged 3D-printed kidney models to simulate surgical scenarios
accurately.[*¥l Wake et al.l'5] used 3D-printed models for patient
education in renal and prostate cancer. Patients completed a 5-point
Likert scale survey twice on disease and surgical procedure
understanding. The Likert scale uses a numerical scale, where one
means strongly disagree, two means disagree, three means neutral,
four means agree, and five means strongly agree. Initially, the
investigators used imaging alone, then repeated the survey after
reviewing imaging and a 3D model. The result of the questionnaire
given to the patient suggested that the 3D model was beneficial for
the patients to understand the cancer size (4.60 + 0.54, p < 0.001),
cancer location (4.75 + 0.50, p < 0.001), and treatment plan (4.69 *
0.57, p = 0.013).

Apart from 3D-printed surgical models, AM enables the creation of
patient-specific surgical guides, enhancing precision and efficiency in
complex bone surgeries and improving patient outcomes. Schweizer
et al.®l investigated the benefits of using patient-specific guides for
treating scaphoid non-unions compared to freehand techniques.
Postoperative results showed that 3D-printed guides improved
reconstruction accuracy, reducing misalignment to 7° compared to
26° with freehand surgery. This enhanced accuracy effectively
addressed scaphoid non-union, a common complication in scaphoid
fracture treatment. Practicing on patient-specific prototypes can save
time in surgery. 3D-printed models and surgical guides reduced
surgery time by 12-62 minutes and lowered treatment costs to
$3720/case compared to multiple CT scans/MRI images.!'”] 3D-
printed models are helpful for pre-operative planning and diagnosing
complex structural defects, such as atrial septal defect (ASD) and
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ventricular septal defect (VSD), in conditions such as CHD.[*8 These
models provide a comprehensive view of anatomy, aiding in the
accurate diagnosis of these challenging conditions compared to 2D
images.[19! Liang et al.[29] evaluated the effectiveness of 3D-printed
models for diagnosing CHD. The models improved diagnostic
accuracy to 97% from 81.25% with CT scans and echocardiography.
This progress helps physicians to identify complex diseases and
overcome barriers associated with complex anatomical structures.
Overall, 3D-printed models simulate complex surgeries in real-time,
improving visualization and tissue mimicry, allowing precise bone
osteotomies and fixation without affecting neighbouring tissues.[21]

However, there are notable research gaps in using 3D-printed surgical
models for preoperative planning. The first challenge occurs during
the data preparation stage when medical images are processed for
3D printing. [22 This involves segmenting medical imaging data, such
as CT or MRI scans, to isolate the region of interest. The process of
manual contouring, which is commonly used, is highly laborious,
cumbersome, and time-consuming. This challenge is especially
pronounced when working with soft tissues, as they often appear
with low contrast in imaging. 23! As a result, accurately distinguishing
soft tissues from surrounding structures becomes difficult, leading to
segmentation errors and significant variability in the resulting
anatomical models. The second challenge concerns the material
limitations of current 3D-printed models. Most of the existing models
effectively replicate hard tissues such as bone but are inadequate for
mimicking soft tissues. [24 There is an apparent mismatch between
the mechanical properties of the printed models and those of actual
soft tissues. This discrepancy reduces the realism and effectiveness
of the models during surgical simulation and planning, especially for
procedures involving delicate or deformable tissues. The third
challenge concerns the static nature of current 3D-printed surgical
implants. (251 Once fabricated, these implants maintain fixed physical
and mechanical characteristics. (26 They cannot dynamically respond
or adapt to changes in the biological environment, such as variations
in pressure, temperature, or biochemical signals. This lack of
adaptability limits their functionality in complex or evolving surgical
contexts where interaction with surrounding tissues is critical. [271(28]

| This journal is © The Royal Society of Chemistry 2025

Additionally, the absence of real-time predictive insights limits the
effectiveness of existing patient specific 3D-printed models for
supporting immediate surgical decision-making. Therefore, this
review is unique in its combined focus on several key advancements
to overcome limitations in 3D-printed surgical models.

The current review discusses how artificial intelligence (Al),
particularly generative Al, can improve medical image processing and
segmentation. It also examines the use of metamaterials and multi-
materials to replicate soft tissue better and mimic the mechanical
behavior of surgical models. The relationship between a structure
and the properties of a polymer is crucial for surgical models,
affecting their mechanical properties and printability (291, Meticulous
control of these properties allows for customization, closely
mimicking specific tissues for a lifelike training experience.3%31 Due
to the composite nature of the tissue, multi-materials with
anisotropic properties are desirable for mimicking 3D tissue
constructs. The 3D printing of multi-material and metamaterials
enhances tissue characteristics for more realistic haptic feedback in
surgical simulations. 81 321331 The review also highlights the role of
4D printing in transforming static implants into dynamic systems
capable of responding to physiological changes within the body.
(34135] Additionally, to address the lack of real-time predictive insights
during surgery, the review also explores the potential of digital twin
technology of Al to support more accurate and immediate decision-
making. The review presents various additive manufacturing (AM)
techniques used for fabricating surgical models and emphasizes the
dimensional accuracy and value of patient-specific 3D printed models
in medical education. It then provides a detailed evaluation of these
models in clinical areas such as orthopedics, dentistry, gynecology,
cardiology, and neurology, highlighting existing limitations in
replicating soft tissues. The discussion continues with key challenges
in using AM for surgical planning that require further attention. This
is followed by multidisciplinary strategies to enhance surgical
outcomes, culminating in forward-looking insights to inspire future
innovations. Figure 1 offers a detailed overview of the current focus
of available literature and how the topic covered in this review aims
to address and alleviate these challenges. 3¢

Mater. Horiz



Please do not adjust margins

Review

Materials Horizons

| Current focus |

&,

I

Better mimic hard
tissues

Mimicking soft tissues and its dynamics
to provide haptic feedback to surgeon

L A
"“"""“ﬂ '« Patient centric

30 prnted g I Artificial %
j modeis § % intelligence '—

JSYTP0000000 00000000000,

Metamaterials

. o
SRAsRRARRRARRRR R RN

[P -

.

.

integration with §
.

....O’

:: 4D printing

=
-
-7
:
)
=
2

. *
SrsssnsssnsnnRannnanny

Emorglﬂ frontiers

PLL L L Y
» L)

Advanced 3D
printed anatomical
models

Figure 1. Schematic of the topics covered in the review for advancing patient-centric 3D printed models

2. 3D printing for preparation of patient-centric
surgical models

2.1 3D printing technologies for surgical prototypes

The application of 3D printing for surgical planning generally follows
four fundamental procedures: obtaining raw medical data,
preprocessing, fabricating the components, and conducting post-
processing. During preprocessing, the region of interest (ROI) is
isolated from surrounding tissues to target a specific area. The key
highlights of the standard volume rendering software are provided
in Table 1 for selecting ROI. After outlining the tissue's ROI, the 3D
model is smoothed and wrapped to remove defects for a high-
quality print. The smoothed model is then prepared for 3D printing.
The 3D model is converted to a surface triangulation language (STL)

file format, representing its surface as a mesh of triangles.37! This
mesh is then sliced into 2D layers, creating G-code for 3D printer tool
paths.[38] Finally, the sliced file is used by 3D printers to produce a
physical model using a specific material.3% AM employs layer-by-
layer assembly of materials by dispensing either the melt material
through an extruder (fused filament) 49, binding powder material
through a chemical agent (binder)! 1, or changing the state of the
material through a power laser (sintering/melting)!42 to print the
desired 3D models. The American Society for Testing and Materials
(ASTM) classifies AM technologies based on the underlying
fabrication method. The major AM technologies are discussed
below based on their practical relevance to surgical planning.

Table 1. Standard volume rendering software employed in image processing and 3D model reconstruction.

Volume 3D Slicer Invesalius Osirix Mimics
Rendering software 143] [44] [45] [46]

Image data | DICOM, NRRD, VTK, | DICOM, Analyze, DICOM, JPEG MPEG DICOM, BMP, jpg
Supported Analyze, Nifti Nifty, jpg, png

Language C++, Python Python, C++ Objective C C++, Java, Python
Algorithm Interpolation - - Matching cubes
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Resolution (pixels) 1280x1024 1024x768 1800x1800 1920x1080
Advantages Simple user interface, | Operating system | Automatic surface | User-friendly, able to
open software compatibility and volume | map surfaces of the
rendering  produce | model
high-quality models
Disadvantages High-quality products | User interface issues Lacks Material | Challenging to
cannot be obtained inclusion option, does | measure  precisely,

not allow | time-consuming

measurements in 3D process to create 3D

models

Approval status for | Notapproved

clinical applications

Not approved

Approved Approved

2.1.1 Material jetting

Material jetting (MJ) technology is gaining popularity in various
sectors, such as biomedicine, dentistry, manufacturing, and aviation,
due to its capability to produce highly accurate and smooth
products.4”l  MJ utilizes a variety of polymers, including
photopolymer resins, thermosets, and elastomers, each with distinct
mechanical properties.[#8] Polylet is a prominent droplet-based MJ 3D
printing method that uses a 200 DPI nozzle to deposit layers.49! The
process involves jetting and precisely placing photopolymer droplets,
which are then rapidly cured and solidified to form the intended 3D
structure.[5% Polylet technology employs multiple heads to spray
acrylic-based photopolymer droplets with high precision, achieving a
resolution of approximately 16 microns, comparable to some laser-
based systems.[51 This technology is ideal for prototyping and model-
making applications, offering exceptional precision and versatility.[52
Polyjet technology was employed by Zein et al.53 to fabricate 3D-
printed livers for developing and studying liver transplants. This
approach aimed to depict the spatial relationships between vascular
and biliary anatomical structures, thereby facilitating surgery and
minimizing intraoperative complications. PolyJet technology can also
create anatomical replicas of sinus passages, helping doctors improve
patients understanding of their condition and treatments. Sander et
al.l54 used polyjet technology to fabricate human nasal sinus models
to explain the diseased state to the patients. The findings validated
that using 3D-printed nasal models effectively alleviates surgical
procedure-related anxiety in 97.5% of the patients. Despite having
several benefits, it is essential to note that printing materials are
currently confined to photopolymers, limiting the range of options
available for polyjet printing. Moreover, the high costs associated
with jet printers make this technology more suitable for only large-
scale production scenarios.[5>56]

2.1.2
The powder bed fusion (PBF) process is gaining popularity in research
communities due to its high-quality results and affordability.l*”] The
PBF technique can produce 3D components using various materials,
including plastics, glass, metals, and alloys.’?4 The PBF method

Powder bed fusion

| This journal is © The Royal Society of Chemistry 2025

maximizes resource efficiency by reusing powder, enabling the
creation of more components.[8l Particle sintering, de-powdering,
and post-processing are critical in powder-based 3D printing.5%! The
polymer powder undergoes partial melting, retaining its solid core.
Densification occurs through reorganizing solid-phase particles and
bonding the liquid phase, resulting in a solidified 3D structure with
higher density. Solid-phase particles directly contribute to the higher
density of the printed model.[69] PBF utilizes various heat sources for
powder melting, including thermal, electric, and laser.[6162 |aser
fusion is divided into selective laser melting (SLM) for metals(®3] and
selective laser sintering (SLS) for plastics.[64

Among powder-based 3D printing techniques, SLS stands out for its
ability to produce complex, intricate components without requiring
support structures, allowing for the creation of internal structures,
undercuts, and thin walls(Figure 2a).1651 A significant benefit of SLS
for biomedical applications is its compatibility, as it does not involve
using organic solvents.l5¢] Furthermore, it can process nearly any
powdered material, including photo polymers, glass-reinforced
polymers, metals, and metal/polymer composites.l67! Polyamide 12
(PA12) is frequently used in SLS due to its biocompatibility, making up
the majority of SLS powders.[®8] For example, Pacurar et al.[®®] used
PA12 to fabricate personalized medical implants via the SLS
technique. The study evaluated the surface roughness of the PA 12
hip implant. The surface of the PA 12 particles was cleaner,
potentially resulting in improved surface quality of the hip implants.
Furthermore, PBF techniques can employ various hydrogels for soft
tissue applications, leveraging their biomimetic properties,
customization potential, and biocompatibility. Apart from native
tissue mimicry, the SLS-printed models are lightweight; for example,
prosthetic sockets printed through SLS were 17% lighter than the
traditionally manufactured ones.[’? Beyond direct fabrication, SLS
also contributes indirectly to soft tissue engineering by enabling the
creation of precise molds. This becomes particularly valuable when
working with soft materials like PVA or PHY hydrogels and agarose,
which present challenges in direct large-scale printing due to poor
printability and structural consistency. Otero et al. 71 combined SLS
with FDM to create a two-part mold to address this issue. The inner

Mater. Horiz
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mold parts, representing features such as veins, tumors, and the
biliary tract, were printed using PA12 with an SLS printer selected for
its ability to produce rigid components with a layer thickness of 0.08
to 0.1 mm. The outer mold was printed using PLA filament with an
FFF printer, which provides a dimensional accuracy of £0.2 mm and a
layer thickness of 25 micrometers. This combination allowed for the
accurate casting of soft tissue models of the brain and liver using
various hydrogels, and their mechanical properties were assessed
using dynamic mechanical analysis, the Shore durometer scale, and
the Warner-Bratzler shear test. Postoperative results showed a less
than 1 %-dimensional error between the actual liver and the 3D
model, with a fabrication cost of $387.55.

Materials Horizons

The study identified 1% agarose as the best material to mimic liver
tissue, while 4% GelMA combined with 1% agarose best-mimicked
brain tissue (Figure 2b and 2c). Despite these advantages, SLS also
possesses limitations, including inadequate texture and inferior
material characteristics.[’2l  As a result, the manufactured
components using SLS do not meet the native microstructural and
mechanical behavior of native tissues.[73] Post-processing treatments
like heat treatment, de-powdering, cleaning, spraying, and coating
strategies mitigate these shortcomings, but they are insufficient for
many biomedical applications.[74]
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Figure 2. (a) Schematic representation of SLS technology of 3D printing; Figure reproduced from Wong et al.[®%] (b) Different hydrogel materials
like agarose and GelMA composites mimicking the brain and (c) Different hydrogel materials like agarose and GeIMA composites mimicking

the liver; Figure reproduced from Otero et al.[73]

213 Material extrusion

Material extrusion is the most popular AM method due to its
compact size and user-friendliness.l’8! It allows rapid production
through instant part fabrication.”7.78] Fused Filament Fabrication
(FFF), also known as Fused deposition modeling (FDM), relies on the
material extrusion-based method has gained much interest for its
simplicity and cost-effectiveness.[®>79  The biocompatibility,
biodegradability, and low melting temperatures of PLA and PCL make
them ideal for FDM 3D printing, creating prosthetic parts that can
interact with living tissues without causing adverse reactions. 80
However, users can also select from various materials for FDM,
including acrylonitrile butadiene styrene (ABS), nylon, and Polyvinyl
alcohol (PVA).[81 Muta et al.[82] used a chairside FDM 3D printer to
create temporary dental crown covers from PVA, comparing the
accuracy of digital and conventional prosthetic methods. The 3D
digital superimposition analysis revealed significantly higher root
means square values for the PVA/original typodont model (310 + 50
um) compared to the conventional/original typodont model (120 +
40 pm) (p < 0.05). Chairside FDM printers (Figure 3) offer a cost
advantage, with in-house 3D printed prostheses costing an average
of $8.34, compared to $350 to $925 for prostheses made by off-site
dental laboratories. Apart from dental models, FDM-printed models
effectively mimic the craniofacial skeleton for maxillofacial
surgeries.[83] Consumer-grade FDM processes show similar accuracy
to industrial SLS printers, with minor deviations from the virtual
design.84 Naghiegh et al.[85] used the FDM to fabricate a 3D model of
a patient-specific skull for the preoperative planning of maxillofacial
reconstruction. The study demonstrated that the difference between
the virtual models in the software and the 3D-printed skull models
was 1.4%.

| This journal is © The Royal Society of Chemistry 2025

Despite having various advantages of FDM, the high temperatures
used for heating the material during extrusion may alter the chemical
composition of biomaterials, making it unfit for low-temperature
biomaterials such as hydrogels and, in some cases, high temperature
leads to warpage in the 3D printed parts.[8¢] Direct Ink Writing (DIW)
technology, on the other hand, operates in a heat-free environment,
addressing these high-temperature concerns.8”] DIW handles various
materials, including tungsten carbide-cobalt, metal-infused PLA,
porous metals, carbon-based nanomaterials, polymers, and
ceramics.!88 The DIW technique has become a viable method for
modifying crucial structural elements of biomedical implants. Kalaba
et al.18 reviewed that small spaces between mesh fibers (< 1 mm) in
polymeric mesh architectures may create
integration, promote inflammation, and accelerate bridging fibrosis.

inadequate tissue

With DIW, all the necessary geometrical details, including mesh
shape, dimensions, infill density, and opening size, can be customized
to meet specific requirements. Ajdari et al. 9 used the DIW
technique to fabricate mesh implants from chitosan and
nanocellulose. The mesh openings of 53 + 1.2% on the fabricated
meshes helped to integrate the mesh with the neighbouring tissue.
Xu et al.l®1 ytilized the DIW technique to fabricate biodegradable
metal iron (Fe) scaffolds with fine pore sizes ranging from 50 um to
300 um and complex bone implant models. DIW precisely controls
filament deposition to create high-quality pores, avoiding blockages,
which is advantageous for fabricating metallic bone implants with
interconnected pores. Despite having various advantages, material
extrusion technologies face limitations in printing complex parts with
overhangs, such as the left ventricular cavity, lacking intrinsic
support.l®2l While support structures can solve this, they lead to
material waste and affect the surface finish, especially for functional
surgical tools.[®3]

Mater. Horiz
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2.14 Vat polymerization

Vat polymerization is a widely adopted AM technique known for its
exceptional resolution and smooth surface finish.[4 It utilizes 3D
photopolymerization, where a liquid resin solidifies layer-by-layer
under specific light wavelengths to construct the object.[%%] Selecting
biomaterials for light-based 3D printing in surgical planning involves
ensuring biodegradability, biocompatibility, and the inclusion of
photoreactive moieties (like methacrylate acrylate or thiol-ene
groups) for rapid solidification.[°¢57] Common choices for these
materials include natural options like gelatin methacrylate and
collagen and synthetic choices like polyethylene glycol and PLA. Some
of the vat polymerization technologies are digital light processing
(DLP),1%8! Digital light synthesis (DLS)(, and stereolithography
(SLA).1001 S| A is a resin-based technology that uses ultraviolet light to
cure liquid resin into a solid through photopolymerization.[101] |t is
well known for producing intricate structures with exceptional
feature resolution (as low as 25 um) and surface smoothness (1.41
um to 2.28 um), making it ideal for surgical applications.[202 For
example, Haider et al.l103] ysed an SLA printer to fabricate cutting
guides for the surgical planning of maxillofacial reconstruction. The

8 |Mater. Horiz

study revealed that the virtual preoperative planning and custom-
fabricated cutting guides for maxillofacial reconstruction enhanced
the bony reconstruction accuracy and overall operational efficiency.
Within the domain of maxillofacial reconstruction, orbital floor
fractures are the biggest challenge for clinicians due to misalignment
of the orbit, which is caused by a discrepancy between the implant’s
geometries and the patient’s anatomical structure at the affected
site.[104] The orbital floor is a lower part of the eye socket, which
protects the human eye from injuries.[195] Guillaume et al.[1%] ysed
the SLA technique to create a flexible, patient-specific implant from
poly(trimethylene carbonate) with 40 wt.% hydroxyapatite (Osteo-
PTMC) for orbital floor treatment and compared it with standard
titanium meshes. The results showed that implanted titanium
meshes led to fibrous tissue encapsulation. In contrast, Osteo-PMTC
promoted rapid neovascularization and bone morphogenesis
ectopically and in the orbital floor region without the need for
additional biotherapeutics like bone morphogenic proteins. The
complete workflow of the fabrication of Osteo-PTMC and titanium
implants used in the surgery, along with the post-follow-up results,
are shown in Figure 4.

This journal is © The Royal Society of Chemistry 2025
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DLP is another vat polymerization AM technique, which operates a
digital projector for curing photo resin; however, printing the soft
polymer on DLP printers is cumbersome due to the layer-by-layer
printing method. In contrast, DLS technology is a more advanced vat
polymerization process that constructs the entire 3D object in a
single exposure, substantially decreasing the printing time. The
printed components are outlined by light from a projector or digital
micromirror device, which then solidifies them through selective
exposure into the desired shape. The efficient curing process in DLS
printers produces high-resolution pixels of about 75 um, resulting in
3D-printed parts with enhanced structural integrity. This

| This journal is © The Royal Society of Chemistry 2025
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improvement allows DLS-printed parts to withstand higher strain
rates. For example, Hossain et al.l'9] used UV-curable DLS
technology to create elastomer polyurethane (EPU). The results
showed that the 3D-printed EPU40 can stretch over 600% before
rupturing, indicating its exceptional stretchability. Aravena et al.[108]
used the highly stretchable EPU polymers to create patient-specific
stents using DLS. These stents support the patient's tracheobronchial
wall. The 3D-printed EPU polymer stent effectively prevents the
biofilm formation and mucus retention, an issue commonly
associated with conventional stents.
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Figure 4. Workflow diagram representing the scanning of sheep orbital floor area and using SLA fabricated osteo-PTMC meshes for surgery
along with the post-surgical results at four, eight, and twelve weeks; Figure reproduced from Guillaume et al.l'%] with permission

from Elsevier, copyright (2020)

2.15 Binder jetting 3D printing

Binder jetting is an AM method that selectively bonds a thin layer of
powder (100 um) using a binder to form the desired shape.[1%% The
resulting parts need further processing, such as sintering or
infiltration, to improve their mechanical properties for final use.!110]
Binder and powder properties significantly influence the geometry
and strength of the parts.l4%.1111 The powders investigated for binder
jetting include iron, ferrous alloys, nickel, nickel alloys, titanium, its
alloys, and ceramics.['11 Binder jetting technology offers many
advantages, such as its compatibility with various powders and
operation in ambient conditions. It reduces the need for sealed
chambers and minimizes residual stresses, thereby increasing
mechanical properties.[112113] Khademitab et al. [114 studied the
mechanical properties of cobalt-chromium-molybdenum (Co-Cr-Mo)
alloy parts printed using binder jetting. These parts, intended for hip
joints, dentures, and small-scale knee joints, exhibited higher
hardness, yield strength, and ultimate tensile strength than Co-Cr-Mo
alloy parts made by casting process. However, the risk of defects
arising from specific steps in the binder jetting process is a notable
disadvantage.l15] These defects can manifest as pores in the
prototypes, compromising their thermal conductivity, transmittance,
and mechanical properties.[116] Accurate and precise printed parts
are essential for effective surgical planning models.l'17] However,
these defects in the binder jetting process can cause minor
deviations in geometry, surface finish, and material properties,
compromising overall performance and reliability for surgical
planning.
2.1.6 Directed energy deposition

In Direct Energy Deposition (DED), materials like powder or wire are
melted by an energy source (laser, electron, or electric arc) and
deposited from various angles onto existing surfaces using four- or
five-axis machines.[118] DED 3D printing can deposit high-
performance materials like shape memory alloys, ceramics,
composites, metal alloys, high-entropy alloys, and functionally
graded materials.[!19 These materials find applications in various
surgeries, including cranial and maxillofacial implants, spinal
treatments, and limb and dental implants [1209], For example, Yan et
al.l121] the DED-based electron beam melting (EBM) technique was
used to create a biocompatible Ti-6Al-4V titanium alloy mesh for
mandibular prostheses, showing good biocompatibility. Nguyen et
al.l122] 3lso utilized EBM to produce Ti6AI4V hip stems, revealing
lower fatigue limits than traditionally machined surfaces. Additionally,
Hollander et al. 1231 employed DED to manufacture Ti-6Al-4V alloy
vertebral bodies, demonstrating osteoblast proliferation on meshes
with 500, 700, and 1000 pm pore sizes. Despite its
advantages, challenges in DED technology must be addressed for
medical applications. Issues like powder scalability due to varying
blown powder content and metallurgical compatibility need
attention.[124.125] The fast cooling rates of DED can lead to incomplete
fusion and microstructural inconsistencies, affecting the mechanical
properties of 3D-printed parts and potentially compromising surgical
instrument and implant performance.l!26! |n addition to the
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abovementioned techniques, sheet metal lamination is another type
of AM that creates 3D objects by cutting and joining sheets. However,
the literature lacks sufficient reports on using sheet metal lamination
for surgical applications due to the inconsistent strength of the
fabricated models.

Overall, the detailed overview of all the 3D printing methods covers
every aspect, from materials to capabilities to applications in surgery.
Extrusion-based techniques, especially "DIW," show great potential
for future personalized surgical planning due to their cost-effective
and eco-friendly use of various biomaterials. While binder jetting,
direct energy deposition, and sheet metal lamination are rarely used
in surgical planning. Thus, detailed discussions and applications of
these methods are excluded from the review to maintain focus and
relevance for future readers. However, the primary 3D printing
technologies adapted for medicine to develop the various 3D models
and fabrication parameters, printing resolution, estimated cost,
biomaterials used, advantages, limitations, and possible applications
have been summarized in Table 2. [103,127-129]

2.1.7 Hydrogel based bioprinting

While various 3D printing techniques mentioned above have been
widely explored for medical applications, bioprinting represents a
specialized branch that focuses on the fabrication of functional
tissues and organs by precisely arranging living cells and bioactive
materials in a spatiotemporal manner.[13% To achieve structural and
functional fidelity, strategies such as biomimicry, self-assembly, and
modular tissue units are employed to mimic native tissue
architecture. Implementing these strategies requires suitable
materials. Hydrogels are ideal material (bioinks) for bioprinting
because they can be printed in a 3D, hydrophilic network supporting
high cell viability and exchanging nutrients and growth factors.[131]
Some hydrogels also interact with cellular integrins, enhancing cell
adhesion, proliferation, migration, and differentiation. Four major
bioprinting techniques widely used are (i) extrusion-based, (ii) inkjet-
based, (iii) laser-assisted, and (iv) stereolithography.l’32l  Among
these, extrusion-based methods, particularly Direct Ink Writing (DIW),
are widely used for printing hydrogel-based bioinks due to their
versatility and material compatibility.[133] In DIW, bioinks must exhibit
specific rheological properties, particularly shear-thinning behavior,
for smooth extrusion and shape retention. Their flow behavior is
described by the Herschel-Bulkley model: o = odyn + Ky".!134] Here,
odyn (dynamic yield stress) ensures flow stability, while ostat (static
yield stress) initiates the flow. The maximum shear rate at the nozzle
wall is given by ymax = 4Q/mr?, indicating that smaller nozzles require
optimized ink properties to manage higher shear rates. The filament
error measures printability (£): € = (Dilament - Dnozzte)/Dnozzle X 100.
Lower € values indicate better fidelity. Inks with higher dynamic yield
stress (odyn) tend to produce filaments with diameters that more
closely match the nozzle size, limiting filament expansion and
improving precision. This behavior is essential for high-resolution
printing, which relies on minimizing post-extrusion spreading and
carefully controlling the ink’s flow characteristics. Expanding the
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scope of DIW, Wu et al.[’3%] Introduced a sacrificial-free Direct Ink
Writing (SF-DIW) method for creating vascularized organ models
without sacrificing sacrificial materials. This high-resolution
technique allows one-step printing of complex hollow structures.
Using SF-DIW, hepatic metastasis models representing different
cancer types were created and integrated into the perfusion system
with micropumps and agar casting to enhance physiological
relevance. These models activated a prodrug that inhibited breast
cancer growth, highlighting SF-DIW’s utility in drug testing and
disease modeling. The method is straightforward, cost-efficient, and
adaptable for generating various vascularized tissues. Apart from
DIW bioprinting, light-based bioprinting is also gaining attention.
Moon et al.l'3¢6] demonstrated the potential of hydrogel-based
bioprinting for fabricating thick, metabolically active liver tissue (>1
cm?) using a polyethylene glycol/gelatin methacrylate (PEG/GelMA)
bioink with human hepatocytes (HepG2). A gyroid-inspired structure
ensured uniform perfusion and shear stress. The constructs, printed
using digital light projection (DLP), maintained over 85% cell viability
for 30 days under perfusion. Endothelial cells lined the vascular
channels, while hepatocytes formed the viable clusters. Functional
assays confirmed stable albumin and bilirubin production, mimicking
key liver functions. Overall, in 3D bioprinting, functional, implantable
biological structures are created based on a series of interconnected
processes. First, cell sorting ensures that different cell types are
precisely placed within specific scaffold regions, preserving the
tissue-specific composition.!137] Following this, tissue fusion occurs as
cells adhere to one another, forming continuous, cohesive tissue
structures that enable communication and integration within the
printed scaffold. Finally, tissue maturation involves the growth and
differentiation of these cells, leading to fully functional tissues with
the necessary mechanical and biological properties.

This maturation process is crucial for ensuring the printed tissues can
integrate with the body and perform their intended functions after
implantation.[138] However, the ongoing challenge is achieving long-
term stability and seamless integration of bioprinted tissues with the
body’s natural extracellular matrix. Another important concern in
bioprinting technology is the tendency of certain stem cells to
develop into teratomas, which are tumors containing a mix of
different tissue types and can pose serious health risks. Although
these challenges persist, ongoing progress in biomaterials, stem cell
control, and printing techniques is steadily advancing the
development of safe and more effective bioprinted tissue therapies.

Table 2. 3D printing technologies are used in the development of medical 3D models.

3D printing Polyjet SLS FDM SLA DLS
method

Speed [mm hr] - 48[139] 50-100!140] 14041 125-250(142]

Resolution [mm] 0.00170143] 0.08(139] 0.250140] 0.05(144] 0.108l

Estimated Cost $43,000(145] $6,000 $5,000(146] $11,000(144] $20,000(147]

Material Photopolymer!** | Powdered Thermoplastic Photosensitive Polyurethanes,

8] materials like | polymers such as | resin, including | silicone, cyanate
ceramic powder, | PLA, ABS, PC) | methacrylate ester, epoxy, and EPU
metal  powder, | polyether ether | polycaprolactone, | 401151
polymer powder, | ketone  (PEEK), | etc[t30
others. [72] etc. [149]

Advantage Extremely high | Can print | Cheaper Precise and highly | Better surface finish,
resolution; Can | polymers or | technology; accurate. high quality and
print with | metals; Batch | Great layer | Can consistency in
multiple colors | production; No | bonding/t54 accommodate products, high speed
on one single | supports complex and flexibility, and
print(152] needed!153] designs(150]
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minimum wastage of

materiall1>5]
Limitation Low mechanical | Requires high | Only Limited range of | Expensive, limited
properties; printing thermoplastic materials.  Post- | selection of
Limited heat | infrastructure; materials!158] curing is required, | materials!55]
resistance; Use of  fine but support
Costly powders can be structures can
maintenance of | hazardous!'>7] hamper surface
printer heads(56] finish.
[159]
Application Cardiac surgery, Functional Educational Dental models, COVID swabs,
liver surgery(160l prototypes, templates, surgical guides mouthguards, and
orthopedic tools!161] and splints, other dental
components, orthodontic implements(142]
medical devices (aligners
devices!150! and retainers),

castable crowns,
and bridges,
etc[162]

2.2 Dimensional accuracy of printed models for surgical planning

AM enables the creation of 3D models from clinical imaging. Yet,
accuracy varies based on data acquisition, image processing, and
model fabrication.[!63] Each stage introduces geometric errors in the
printed model. Thresholding, a commonly used segmentation
technique, involves dividing a volume by including voxels with
intensities exceeding a specified threshold value.l'64 A voxel's
threshold value corresponds to its predominant tissue type. For
example, suppose a voxel comprises both high-density tissue (40%)
and low-density substances (60%). In that case, it's assigned a low-
density threshold value.['65] This non-uniform distribution of voxel
intensities undermines the accuracy of threshold-based
segmentation and ultimately leads to dimensional inaccuracies in the
final 3D printed models. Similarly, slicing is also a potential source of
dimensional errors for 3D-printed models. For example, if a slicing
algorithm fails to design support structures properly, it can result in
incorrect slice orientation. This error can lead to 3D model distortion,
resulting in the sagging of the overhanging structures. 3D printing
capacities such as printer calibration, ambient temperature, printing
parameters, and resolution of different 3D printing technologies also
play a crucial role in determining the accuracy of a 3D printed model.
Msallem et al.[166] assessed the accuracy of 3D printed mandibular
models created using different established and commonly used 3D
printing technologies like SLS, SLA, and FDM. The deviation patterns
were examined for trueness and precision. The results showed that
the SLS printer achieved the highest overall trueness of 3D-printed
mandibular models (RMS 0.11- 0.016 mm). In contrast, the highest
overall precision is achieved by the FDM printer (RMS 0.05 - 0.005
mm). Ogden et al. 11671 compared the dimensional accuracy of 3D
printed models of an L1 vertebra, produced from cadaver spine CT
data, with the original vertebra. The comparison details are
presented in Table 3. The investigation showed that the overall
accuracy of the dimensional measurements was good, and the
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coefficient of variance was less than 1%, which is acceptable to the
medical surgeons. Wu et al.[!68] jnvestigated the accuracy of 3D-
printed models of the acetabulum (part of the cadaveric pelvis).
Acetabulum models were printed and measured using the Vernier
Calipers scale. Vernier Caliper’s reading showed a good correlation (P
value = 0.794) between the actual acetabulum and the 3D-printed
acetabulum model (Figure 5). The available literature revealed an
excellent correlation between the reference object and the simple
3D-printed model, with accuracy varying from 97.7% to 99.1%.116°]
However, some complex anatomical shapes, such as the skull, involve
several steps in 3D model construction, which leads to the possibility
of inaccuracies. Huotilainen et al. [1701 highlighted significant
inaccuracies in 3D-printed skull models caused by errors in converting
DICOM data to STL/CAD data. These conversion errors amplified
discrepancies, preventing precise replication of the patient's skull.
Overall, there are no single reasons for the dimensional inaccuracies
in the 3D-printed models.[171]

Clinicians need to be aware of these sources of errors in medical
models due to dimension loss from CAD transmission, STL generation,
and slicing or 3D printing capacity and resolution. Quality control is
essential for resolving such errors, which involves different processes
that help monitor and prevent quality issues to meet the necessary
standards for process performance and product quality.l'72 This
quality control flow diagram consists of 18 go/no-go gates,
implemented before, during, or after critical processes depending on
their importance and the availability of quality control technologies
(Figure 6).11731 Go/no-go gates ensure that product quality attributes
at each stage are met before proceeding to the following process.
Each quality control gate requires documentation with checklists and
control diagrams to monitor quality variations at each stage. Quality
control at each stage is essential to ensure dimensional accuracy,
prevent errors, and achieve precise patient-specific models and
implants for accurate preoperative planning in complex surgeries.[174]
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Table 3. Comparison of dimensions of an original vertebra with a 3D-printed model.

Dimensions Original Vertebra [mm] Unfiltered model [mm]
Upper-end plate width 48.3+0.12 48.2+0.00
Spinal canal width 24.3+0.03 23.9+0.03
Upper-end depth 31.5+0.81 31.540.15
Lower end width 49.5+0.24 49.6+0.15
Spinal canal depth 21.1+0.13 20.5+0.17
Dimensional accuracy of 3D printed model Actual dried

acetabulum

3D printing

Acetabular
fracture

[ 3D printed

acetabulum
A
Preoperative osteomy,
Acetabulum is the large = reduction
socket on the lateral face of and fixation simulation
hip bone on acetabulum model

Figure 5. The comparison of an original dried acetabulum provided by the Beijing Anatomic Association and 3D printed acetabulum; Figure
reproduced from Wu et al. [168]
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outlined boxes = quality control gates; blue dash outlined boxes = overarching quality control gates; yellow boxes = experts/staff; solid arrows

= online processes; dashed arrow = off-line processes; Figure reproduced from Marquez et al.[173]

3 Revolutionizing healthcare progress through
personalized 3D printed models

3.1 Medical education and patient counseling

Augmented Reality (AR) and Virtual Reality (VR) are getting significant
attention for showing complete tissue or delineated portions of
damaged tissue for teaching medical students human anatomy and
various complex diseases.6.175.176] Although AR/VR displays a variety
of facts from image data, these technologies lack the realistic
experience essential for the training and education of medical
students and resident doctors.['”7] To compensate for this issue of
AR/VR, 3D anatomical prototypes enhance visualization and provide
haptic feedback while teaching human anatomy to medical students.
3D anatomical models significantly increase the student’s knowledge
and understanding of human anatomy compared to conventional
classroom teaching tactics and AR/VR approaches.[178 These models
could effectively help identify and visualize complicated organ
systems, boosting the confidence level of budding doctors and
patients. Jones et al.[!7? surveyed 51 participants, including 50
surgeons and 1 medical student, after creating 3D models of the
breast, lung, aneurysm, and liver with tumors to evaluate their utility
in surgical planning and education. The investigation showed that
74% of the participants believed 3D-printed models could help plan
surgeries and teaching. Therefore, medical students and junior
doctors improved their grasp of basic anatomy and pathology using
anatomical models, including those depicting liver and kidney tumors
(top of Figure 7a).[189 |ikewise, Yan et al.[181] employed 3D-printed
models of pelvic fractures to demonstrate the injury mechanism to
medical students (bottom of Figure 7a). The study revealed that
students who had access to the 3D-printed models spent less time
answering the questions related to pelvic fractures than those who
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did not have access to those models. Similarly, Hanisch et al.l182]
employed the polyjet 3D printing technique to fabricate personalized
surgical training models for dental surgeries involving root tip
rejection. These models offered medical students and doctors a life-
like educational platform, enabling practical training and skill
development. Waran et al.l’83] demonstrated the utilization of a 3D-
printed head model containing a small thalamic lesion placed deep
inside for surgical training in a biopsy procedure. It enabled the
trainers to perform the surgical operations more precisely. Surgical
simulation on the head model and root tip rejection in the dental
model is shown in Figure 7b.

Besides educational purposes, the 3D-printed models also advocate
counseling patients with complex diseases such as craniosynostosis
and cardiac surgeries to avoid complexities and optimize patient
outcomes.!’84] Family members often notice patient abnormalities,
prompting consultations for complex conditions. Therefore, the
involvement of the patient and s is important in finalizing treatment
plans and understanding risks, especially in high-risk surgical
planning (183 A direct approach is required to clarify the exact
pathology and anticipated preoperative plan. The patients and family
members can better understand the treatment plan with 3D printed
anatomy models than with 2D scanned images.[18¢] Anwar et al.[187]
used 3D heart models to counsel patients and caregivers for CHD.
The 11 caregivers involved in the survey between 2014 and 2017
gave 5 out of 5 scores to 3D models for generating a clear
understanding of CHD. Hence, accurate simulation of diseased tissue
by 3D-printed surgical models is beneficial for training surgeons and
counseling patients, thereby reducing surgery-related anxiety for
patients and their families.

This journal is © The Royal Society of Chemistry 2025
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Figure 7. 3D printed models for education and surgery practice. (a) 3D printed models representing liver tumors, kidney tumors, and pelvic
fractures; Figure reproduced from Amparore et al. and Yan et al. [180.181] with permission from Elsevier, copyright (2022) (2023) (b) The head
model along with the process of biopsy on the left; Figure reproduced from Waran et al.[!83] with permission from Elsevier, copyright (2014)
and root tip rejection simulation on the right side; the Figure reproduced from Waran et al. (1831 with permission from Elsevier, copyright

(2014)

3.2 Surgery specific applications

The increase in the geriatric population globally shows a growing
demand for tissue/organ transplantation-associated complicated
surgeries.l18] Therefore, using AM is of utmost importance in
upgrading surgeons' performance, leading to better surgical
approaches and improving quality of life.[189 There is a need for
precise preoperative planning to ensure zero percent error during

| This journal is © The Royal Society of Chemistry 2025

surgery.[199 Otherwise, the post-operative surgical outcomes might
lead to a high mortality rate in patients.['91] Broadly, 3D printing
applications in surgery can be classified into three groups: i. anatomic
models, ii. implants and prostheses, and iii. surgical instruments.[192
Subsequent sections have extensively discussed the importance of
3D-printed surgical models in spine, orthopedics, dental, cardiac,
gynecological, and neurological surgeries. These surgeries utilized
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3D-printed anatomical models, implants, or surgical instruments to
improve treatment outcomes.

3.2.1 Spine surgery

X-rays, CT scans, and MRI images have traditionally been used for
diagnosing spine diseases and planning spine surgeries. However,
integrating 3D-printed models in surgical planning for spine
pathology provides a more detailed representation of a patient's
anatomy than 2D images.[!9 Mobb et al.l1% examined two
craniocervical junction chordoma (spinal deformity) cases. Custom-
designed and custom-built implants simplify surgery, shorten the
overall time of surgical procedures, and eliminate the need for
complex reconstruction procedures, such as harvesting and shaping
rib or fibular grafts to fit the defect. The radiological follow-up for
both the cases showed successful fusion at 9 and 12 months,
respectively. One of the most successful methods of treating cervical
spinal malignancies is En-bloc resection with sagittal osteotomy.[195]
En-bloc resection is a process of completely removing a tumor
without damaging its capsules.[!%] Xiao et al.[!9] investigated the
feasibility of 3D printed spinal models for En-bloc resection of
primary malignant bone tumors of the cervical spine of 5 patients.
The investigation showed that 3D printing provided more precise
anatomical awareness of the tumor—cervical interaction than the 2D
MRI and CT scan images. The average surgical time was 465 minutes
(ranging from 390 minutes to 540 minutes), with an average blood
loss of 1290 mL at the time of surgery with no intraoperative
infections. Figure 8a depicts the tumor rejection in a female patient,
while Figure 8b demonstrates the tumor rejection in a male patient.
Wu et al.['%8 evaluated 3D-printed spine models to enhance the
precision of pedicle screw insertion in patients with congenital
scoliosis. Precision and accuracy in the placement of pedicle screws
with the help of 3D-printed models were compared with the
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traditional fluoroscopy. The investigation showed that the 3D printing
technique for preoperative and perioperative planning enhances the
effectiveness of pedicle screw placement. The accuracy of screw
placement with 3D-printed spine models was 97.9%. The incidences
of misplaced screws were 6%, which was far less than 28% to 43% in
the case of traditional fluoroscopy. Li et al.[!*®! used a personalized
3D-printed titanium alloy (Ti6AL4V) porous implant to reconstruct
the multilevel cervical spine (C2-C4) in a middle-aged female patient
after resecting metastatic papillary thyroid carcinoma. The surgical
investigation showed no implant displacement or subsidence after 12
months of post-surgery. Similarly, Leary et al.29] ysed patient-
specific 3D printed models for surgical planning in a series of
complicated primary spine tumors and real-time intraoperative
guidance (Figure 8c). The model demonstrated its usefulness in
designing osteotomies by enabling the precise monitoring of tumor
expansion within the membrane at a very detailed level. The 3D
printing also aids in treating kyphoscoliosis, an abnormal spine
bending in the sagittal and coronal planes. Severe cases of ankylosing
spondylitis require spinal osteotomy to restore alignment.[201] Ty et
al. 202 ysed patient-specific 3D-printed guiding templates to position
the osteotomy plane and determine the trajectories for the pedicle
screws for treating kyphoscoliosis. The average correction at the
osteotomy site was 65.9°. No patients had severe complications, such
as misplaced screws or neurological problems. At the final follow-up,
radiography revealed no implant dysfunction in any patients. The
correction of severe spinal deformity is shown in Figure 8d.

The abundance of literature that supports the effectiveness of 3D
printing in spine surgery indicates a greater likelihood of its
widespread adoption.[293] However, rigorous and multi-center trials
are necessary to establish the safety and clinical benefits of 3D-
printed technologies in spine surgeries.

This journal is © The Royal Society of Chemistry 2025
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3.2.2 Orthopedic trauma

Orthopedic trauma, caused by incidents like accidents or brutal
assault, often requires complex reconstructive surgery to address
these injuries.l204 Consequently, the prosthetics market is growing
steadily and is expected to reach $1,460.77 million by 2027 from
$879.35 million in 2021.1205 Reconstructed orthopedic surgery relies
on precisely identifying bone landmarks and anatomical axes. For
example, attaching substitute grafts in medial patellofemoral
ligament reconstruction for the knee and medial ulnar collateral
ligament reconstruction for the upper limb is crucial for joint
stabilization and function.[206] The upper limb involves various
fractures, such as clavicular, proximal humeral, metacarpals, and
acromial fractures 2971, The acromion forms through the fusion of
multiple ossification centers, and incomplete fusion leads to the Os
acromiale defect.[208] Belien et al. 209 used 3D acromion models to
pre-bend osteosynthesis plates for surgical planning in cases of
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acromial fractures and Os Acromiale defects (Figure 9a). Using a
patient-customized plate resulted in a complete healing of non-union
in all cases, demonstrating its effectiveness in achieving proper
fixation and lesion repair. Like acromion, the clavicle is a crucial part
of shoulder anatomy, supporting stability and movement. Clavicular
injuries are minor injuries, accounting for 2 to 5% of all upper
extremities fractures, which often occur in active, young people.[210]
Jeong et al.2!1 ysed contoured clavicular locking plates for mid-shaft
fractures. Bending plates with 3D-printed clavicle models took 3
hours, facilitating easier fracture reduction and reducing soft tissue
damage and post-surgery scars. Uninjured clavicle models helped to
select personalized pre-contoured plates (Figure 9b).

Besides clavicular injuries, Proximal humeral rupture (PHF) is a
frequent upper extremity fracture, accounting for 45% of humerus
fractures and 4% of general fractures 2121, You et al.213] investigated
the feasibility of 3D printing technology versus CT scans for treating
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complex PHF in 66 geriatric patients (Figure 9c). The test group,
consisting of 34 cases, utilized 3D-printed fracture models for surgical
planning. In contrast, the control group, with 32 cases, relied on CT
scans. The test group demonstrated shorter surgery times (77.65 +
8.09 minutes) and lower blood loss (235.29 + 63.40 mL) compared to
the control group (92.03 + 10.31 minutes, 281.25 + 57.85 mL,
respectively; P < 0.05). Moreover, the control group had higher
fluoroscopy scores (10.59 + 1.36 vs. 7.12 £ 1.57, P < 0.05), potentially
reducing radiation exposure with 3D-printed models. The test group
had a shorter time to fracture union (8.36 + 1.00 weeks) than the
control group (8.50 + 1.22 weeks, P > 0.05), emphasizing the
advantages of the 3D-printed proximal humeral fracture models.
Cubitus varus deformity is also an upper extremity issue that appears
due to supracondylar fracture malunion (bone healing in a misaligned
position). The quantification of such malunions is difficult with 2D
scan images due to internal rotational deformity.l224] Therefore,
Zhang et al.215] ysed a reversed engineering approach to design
personalized osteotomy template models (Figure 9d) for cubitus
varus patients. The postoperative surgical analysis was based on the
elbow’s range of motion and the elbow carrying angle. The carrying
angle observed after the surgery was 7.3° with 21.9° as a mean
correction. The elbow movement was from 12° of flexion contracture
to 128° of further flexion. Gemalamz et al.[216] used personalized 3D-
printed resection guides (Figure 9e) for a 402 cubitus varus deformity.
Post-operative X-rays confirmed precise repair, improved bone
contact, and perfect fixation without cosmetic issues. Similarly, Goma
et al.2271 ysed 3D printed models for treating eight different upper
extremity trauma cases. 3D printed models aid in planning for
multidirectional elbow instability and improve accuracy in distal
radius and metacarpal surgeries, addressing challenges in
determining ligament reconstruction sites. Additionally, the thumb is
vital in the upper extremity, responsible for around 40% of hand
function and 80% of gripping activities. Toe transplantation has been
the primary surgical approach for reconstructing the thumb (or
finger) for over fifty years.[218 The essence of 3D printing can also be
seen in thumb reconstruction surgeries when Zhang et al.219 ysed a
3D-printed donor toe model for thumb reconstruction. The post-
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operative results confirmed that the mean flexion angle of the
reconstructed thumb was 47°, and the extension angle of the
reconstructed thumb was 16°. All patients were satisfied with the
thumb function and the reconstructed thumb's appearance.[220]
Beyond upper extremity fractures, over 8 million people also suffer
from lower extremity peripheral arterial disease (PAD), which is
linked to significant morbidity and mortality.22] 3D printing
technology enhances surgeons' ability to address complex surgeries
in the lower extremities 2221, Ankle joint fractures, accounting for
3.92% of all fractures, are particularly significant due to the ankle's
critical role as a major weight-bearing joint.223] Zhang et al.[224]
examined a group of patients who had undergone surgical treatment
for high-intensity ankle fractures. The test group received treatment
with 3D printed models and 2D CT scans, while the control group was
treated using conventional CT/MRI scan reports only. The test group's
mean surgery time was 74.1+8 minutes, considerably less than the
control group (90.2+£10.9 minutes). The amount of blood lost in the
control group (159.8+6.5 mL) was more than in the test groups
(117.1+20.7 mL). Likewise, Wu et al.?2’] used personalized 3D
calcaneus models to treat 19 patients with intraarticular calcaneal
fractures. The mean surgery time was 45 minutes, and the
intraoperative blood loss was 14.5 mL compared to 120 minutes and
21.75 mL in the conventional process. Similarly, Yao et al.[226]
introduced physical models of the calcaneus to pre-shape the
minimally invasive steel plate for surgical simulation. The results
revealed that the planned screw trajectory on the 3D model of the
calcaneus showed 88% accuracy for sustentacular screw placement.
Furthermore, a substantial 96% reduction was observed in the
posterior articular surface of the calcaneus, leading to enhanced foot
movement capabilities. However, post-extremity surgery recovery is
influenced by age, gender, diabetes, high body mass index, smoking,
etc.223] Therefore, transparent orthopedic 3D printing requires
inclusion/exclusion  criteria, treatment procedures, patient
demographics, clinical factors, treatment  details.[217]
Personalized 3D-printed surgical models, implants, and tools can
significantly reduce blood losses, surgery duration, and mortality rate
among patients, transforming reconstructive orthopedic surgeries.
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This journal is © The Royal Society of Chemistry 2025



Please do not adjust margins

Materials Horizons

Review

(a)

InVesalius
image

Dicom image

|

o
Mesh mixer image

3D model

3D model is used

for bending .

osteosynthesis
plate

(b)

' Patient

scapula fracture

Osteosynthesis plate
was fixed

(c)
Radiograph image
before surgery

3D model

—
simulation of the

prepared
internal fixation

Radiograph image
after surgery

Osteotomy template used in
surgery

(d)

(e) cubitus varus deformity treatment
by rehersal on 3D model

Figure 9. 3D-printed models in upper extremity fracture repair (a) Process of conversion of DICOM files to 3D printed model and bending of
osteosynthesis plate with the 3D model; Figure reproduced from Belien et al. [209 with the permission from Springer Nature, copyright (2017)
(b) insertion of a pre-contoured plate for clavicle fracture treatment; Figure reproduced from Jeong et al. 12111 with the permission from
Springer Nature, copyright (2014) (c) 3D printed fracture models of complex proximal humeral fractures and scanned images of the shoulder
before and after surgery; Figure reproduced from You et al. 23] (d) Osteotomy templates and their clinical applications; Figure reproduced
from Zhang et al. 2151 with the permission from Elsevier, copyright (2011) (e) Images of the osteotomy and the subsequent intercalary graft
for cubitus varus deformity treatment; Figure reproduced from Gemalamz et al. [216] with the permission from Elsevier, copyright (2017)

3.23 Dentistry

The increasing adoption of 3D printing in dentistry is poised to
replace traditional methods for crafting dental structures.[227]
Dentists utilize this technology to fabricate precise models of teeth
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and jaws, facilitating the planning of various dental procedures.
Additionally, it enables the in-house production of 3D components
such as crowns, bridges, and surgical guides. This enhances efficiency
by eliminating the need for external laboratory orders.228] For
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example, Williams et al.[229 jnvestigated fibula maxillofacial
reconstruction for 12 patients using a point-of-care 3D printing
approach to reduce surgery interval. The study revealed that the time
needed to produce in-house 3D-printed prostheses from the volume-
rendered images was 24 hours, significantly less than two weeks for
a laboratory-fabricated prosthesis. Additionally, offsite dental
laboratory prostheses are considerably more expensive than in-
house 3D-printed prostheses, highlighting the cost-effectiveness of
point-of-care 3D printing. Therefore, 3D printing offers point-of-care
benefits for dental applications, allowing for immediate dental
restoration.[239) Common materials for 3D printing dental prosthetics
include photopolymers, titanium, cobalt-chrome alloys, and stainless
steel.[31] For example, Lee et al.l32] examined the internal fit of
dental crowns produced via 3D printing and CAD/CAM milling
methods using stainless steel and vinyl-polysiloxane. The results
indicated that the mean discrepancy values measured were 141.1 um
and 91.1 um for crowns fabricated by two brands of 3D printing
systems and 171.6 um for those produced by the milling system.
Moreover, the internal and marginal fit of the crowns manufactured
through 3D printing showed significant improvement compared to
those produced by the CAD/CAM milling system. Beyond its
advantages, 3D printing for dental prosthesis production faces
challenges in achieving optimal surface finish for mouth comfort.[233]
Additionally, due to the high cost of the necessary tools and supplies,
3D-printed dental prostheses are costly, making the prostheses
unaffordable for some patients.[234 In brief, 3D printing offers a high
point-of-care approach, precision, and personalization in dentistry.
However, the cost and surface finish can hinder some of these
practices.

3.24 Cardiology

The repair of congenital and structural heart defects is complex due
to diverse patient ages, urgency levels, and complexities (235,
Congenital cardiac surgery traditionally relies on a 2D
echocardiogram followed by cardiac catheterization to identify
complex anatomy. Yet, reconstructing information from a unisensory
2D visual input can be challenging.23¢] 3D-printed models offer an
interactive solution for understanding complex chest wall tumors,
emphasizing the importance of managing cardiovascular
complications in cancer therapy. Kim et al. 2371 used 3D-printed
models with tumors for surgical resectioning of chest wall tumors.
The postoperative pathology revealed a reduction in the tumor size
from 5.7 cm to 4.5 cm. This reduction was attributed to the detailed
tumor insights and its relationship with the neighbouring tissue
provided by the personalized 3D models. These insights facilitated
patient counselling on cardiac tumor resection. Similarly, left
ventricular outflow tract (LVOT) obstruction is a severe side effect
during mitral valve repair and replacement.[238] [VOT obstruction
impedes blood flow, increasing pressure to maintain forward flow.
This raises the pressure gradient between the left ventricle and the
aorta, elevating both systolic pressures. This chronic pressure
overload can cause adverse heart muscle remodeling, resulting in a
left ventricular hypertrophy, dilation, and eventual heart failure.[239!
Because of this issue, transcatheter therapies are gaining attention
when performing mitral valve procedures to avoid causing or
worsening LVOT obstruction. Transcatheter edge-to-edge repair
(TEER) is a surgical procedure to place a device that holds the middle
parts of the front and back mitral valve leaflets. It creates a double
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opening in the valve to reduce backward blood leakage in the heart
(2401, The MitraClip™ is the only device approved by the Food and
Drug Administration (FDA) and has been implanted in over 100,000
patients worldwide.[241 During this process, the surgeon must clearly
understand the positions of the interatrial septum, pulmonary veins,
left atrial appendage, mitral valve leaflets, and subvalvular apparatus.
Therefore, it is crucial to do preoperative simulations to obtain
optimal medical decisions regarding the challenging MitraClip
procedure.

Computational modeling and patient-specific 3D digital simulations
enable in-depth exploration of LVOT biological processes.[242]
However, using computational modeling in surgery often involves
making assumptions and simplifications. These simplifications may
only partially represent the complexities of real-world surgical
procedures.[243.244] For example, Mojumder et al. 243 developed a
patient-specific computational model to study left ventricular
mechanics and myofiber disarray in Hypertrophic Cardiomyopathy
(HCM). However, the model did not account for other factors, such
as regional and diffuse myofiber disarray, local or diffuse fibrosis,
heterogeneous contraction, and electrophysiology in the HCM
patients. This limitation hinders the accuracy of the computational
simulations. 3D printed models provide a valuable solution for
addressing these challenges and assisting clinicians in surgical
planning. For example, Bertolini et al.[24¢] employed 3D printing to
develop a training simulator for practicing TEER procedures and
successfully tested it using MitraClip equipment. This model aims to
enhance TEER training simulators by including anatomical details that
can challenge operators during the procedure. However, simulators
for mitral valve procedures would be more realistic if they included
movable leaflets to simulate leaflet manipulation. These movable
dynamic models are crucial for replicating real-time anatomical
behavior and improving training accuracy for surgical procedures. 3D
dynamic models replace conventional 3D models to resolve such
issues. Wang et al.[247] ysed dynamic 3D printed models to predict
LVOT obstruction during preoperative mitral valve replacement and
compared their predictions with surgical outcomes. Hemodynamic
tests revealed that the dynamic models were consistent with surgical
outcomes. For example, the maximum velocity during the cardiac
cycle was 113.36 £ 22.10 cm/s in-vitro (3D dynamic model) vs. 115.27
+20.96 cm/s in-vivo, and the pressure was 5.33 + 2.47 mmHg in-vitro
(3D dynamic model) vs. 5.48 + 2.42 mmHg in-vivo. 3D printed models
are valuable for surgical training, specifically for practicing the
placement of left atrial appendage (LAA) occluders in patients with
atrial fibrillation.[239] The LAA is a complex structure that protrudes
from the side of the left atrium in a heart. It is a decompression
chamber, mainly when increased pressure is within the atrium.[248 |n
patients with atrial fibrillation, ineffective contraction of the left
atrium and LAA can lead to thrombus formation and an increased risk
of cardioembolic events. The skill-intensive process of excluding the
LAA from the systemic circulation with a device (e.g., WATCHMAN
FLX™ and Amulet™) requires significant expertise and substantial
learning.[249] 3D-printed LAA models can help surgeons to practice
such complex procedures before actual operations (Figure 10).
Overall, AM has revolutionized cardiology through highly accurate
3D-printed models for surgical planning and education. However,
biomechanical differences exist between 3D-printed models and
actual soft tissue, necessitating the integration of soft robotics and

This journal is © The Royal Society of Chemistry 2025



Please do not adjust margins

Materials Horizons

tissue engineering to accurately replicate intracardiac biological
structures and motion.

Review

from imaging

Patient specific anatomy

Patient who
need LAAO

2l

segmentation

Pre-procedural planning

""" " "Cardiac €T 'Scan an:

LAAO procedure with
improved outcome

:ll...l.l...--.... ......: .IIIIII.IIIIIIII.II IIIIIII.
: Amulet device, WATCHMAN * © . s
. o - .
: <: o :
. ® :
L B BB EE S RS RS R R ESRREREEERERL SRS ENE NN NN EEEERNEEEN

Design patient
specific occluder

o
L
-.... EEEEESEESEEEEREEENE

Fabricate patient
specific occluder

JUsssusnnnnun
"pssEEEENEEEEnY

Evaluate occluder performance using
computational simulation and benchtop
models

Figure 10. Concept diagram of personalized engineering approach for LAA occlusion; Figure reproduced from Mendez et al. 249 with

permission from Elsevier, copyright (2022)

3.2.5 Gynecology

Gynecology is a branch of medicine examining normal and abnormal
changes in the female reproductive system.l250] The female
reproductive system is commonly affected by various diseases,
including endocrine disorders like premature ovarian failure and
polycystic ovary syndrome and neoplastic conditions such as cervical
cancer, endometrial cancer, ovarian cancer, and uterine fibroids.[251]
Among them, uterine fibroids are gynecological tumors affecting
about 80% of women globally by an age of fifty.[252] Myomectomy is
a medical procedure used to remove these fibroids.[2>3 However, due
to the complexity of the disease, problems such as bleeding can
affect the neighboring organs like bladder and colon. This can lead to
endometrial perforation and the need for hysterectomy in about 2 to
35% of patients.[254] CT scans display uterine fibroid interactions with
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surrounding tissues, yet fully grasping the complete information is
challenging with 2D images.[2%5] Cooke et al.[2%6] used patient-specific
3D-printed models of the pelvis in which uterine fibroids were shown
in purple, endometrium in blue, and non-neoplastic anatomy in
yellow colour. These different colours enhance the visualization of
the underlying disease for pre-operative planning to treat uterine
fibroids. 3D models in preoperative planning could reduce the
average allotted surgery time by 50 minutes and the estimated blood
loss by 120 mL. The postoperative questionnaire was used to
understand the benefits of 3D models for fibroid excision. In the
survey, 7 out of 11 surgeons agreed that 3D models of uterine fibroids
had a good impact on the surgical results of myomectomy. Similarly,
endometriosis is another prevalent gynecological illness affecting
nearly 15% of females during their reproductive age.l?57! Symptoms
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such as dysmenorrhea, dysuria, dyschezia, dyspareunia, pelvic pain,
and infertility can substantially influence their quality of life.[258] Ajao
et al.l»9 fabricated a personalized anatomical prototype of a
rectovaginal endometriotic nodule with the help of 2D scanned
images of patients with a history of endometriosis. The results
showed that the location and structural relationship of the
endometriotic nodule with that of the uterus and rectum was
accurate. 3D models could help surgeons remove the entire
endometriotic nodule without harming surrounding tissue. The
clinical findings from studies in this section affirm the potential of 3D

printing and printed models for safe gynecological surgical simulation.

However, its application in studying tumor pathogenesis, metastasis,
and treatment is limited.[260] Exploring advanced biomaterials is
essential to improve 3D printing outcomes in gynecology. This can
boost the confidence of a novice gynecologist, leading to greater
surgical accuracy and reducing risks like pelvic pain, heavy bleeding,
and infertility in women.

3.2.6 Neurology

Neurosurgery demands high operative standards and skilled
neurosurgeons proficient in microsurgical clipping techniques for
treating brain aneurysms.[261l While radiologic imaging guides
microsurgical clipping, its 2D nature is inadequate for training,
highlighting the need for adequate training methods. To mitigate
these issues of 2D images, Kimura et al.[262] created elastic hollow
models of cerebral aneurysms to replicate the surgical simulation.
During surgery, the clips were applied in the same direction and
configuration as in the pre-operative simulations. The 3D-printed
cerebral aneurysm models made it easy for neurosurgical trainees to
understand the vascular configuration and the concept of neck
occlusion (narrowing of the carotid arteries, which supplies
oxygenated blood to the brain). Likewise, Marciuc et al.[263] fabricated
brain vascular lesions to determine the optimal endovascular
approach (coil embolization or stent-assisted coil embolization) for
76 cases of cerebral aneurysms. Three interventional neurosurgeons,
with experience ranging from ten years to a fourth-year resident,
reviewed the cases using computed tomography angiogram with
multiplanar reconstructions and volume rendering techniques to
decide on coil embolization or stent-assisted coil embolization. The
surgeons re-evaluated their treatment plans after using 3D-printed
models. The statistical analysis indicated that the endovascular
approach was modified in 11.84% of the cases for ten-year
experienced neurosurgeons, 13.15% for four-year experienced
neurosurgeons, and 21.05% for residents. The 3D-printed models
enabled the medical team to reach a consensus on aneurysm
treatment plans by providing explicit visual representations (Figure
11a).

3.2.7 Personalised therapy before surgery

Despite the literature highlighting the potential of 3D printing for
neurosurgical planning, the static models often fail to replicate the
anatomical features and dynamic processes of diseases like
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Parkinson's and Alzheimer's. This limitation hinders the static models
from fully understanding the underlying mechanisms of these
conditions. For example, in Alzheimer's disease, mutations in the
amyloid-B precursor protein (APP) and presenilin 1 (PS1) genes can
cause cellular damage leading to dementia. However, static models
cannot fully capture these genetic alterations complex cellular and
molecular changes.[264.265] Therefore, Hoon Choi et al. [266] created a
3D cell cultural neural model (organoid) for Alzheimer's disease with
elevated mutations in APP and PS1 genes. The organoid replicated
Alzheimer's disease, displaying AR and hyperphosphorylated tau
protein accumulation patterns similar to human brain tissue.
However, cell-cultured organoids replicate single-organ structures
but not inter-organ interactions, and scaling them up while
maintaining structural consistency and integrating vascular networks
is challenging.[267.268] 3D bioprinting addresses these challenges by
creating organoids that mimic natural tissue complexity, including the
main organ, blood vessels, and the immune system (Figures 11b and
11c).2891 Yj et al. (2701 employed multimaterial 3D printing to create
glioblastoma organoids using patient-derived tumor cells, vascular
endothelial cells, and decellularized extracellular matrix from brain
tissue. This cancer model replicates glioblastoma's complex ecology
and primary pathological features. It included the heterogeneous
composition of the extracellular matrix, oxygen gradients leading to
central hypoxia, and the mass of cancerous tissue surrounded by
dysfunctional microvessels. Heinrich et al.271l developed 3D-bio-
printed mini-brains with glioblastoma cells and macrophages to study
their interactions and test targeted therapeutics. The brain models
replicated patient macrophage behavior, demonstrating that
disrupting interactions between macrophages and glioblastoma cells
reduced tumor growth and improved the effectiveness of
chemotherapy. In addition to glioblastoma, Parkinson's disease can
also benefit from 3D bioprinting. Abdelrahman et al.[272] explored
peptide-based bio-ink in Parkinson's disease models, demonstrating
its compatibility with mouse and human embryonic stem cell-derived
dopaminergic neurons. Vascularization of the models with
endothelial significantly enhanced neurite outgrowth,
suggesting a valuable platform for long-term Parkinson's disease
studies.

Additionally, the development of peripheral nerve conduits by 3D
printing is a rapidly advancing area that is receiving significant
attention in neurobiology research.273-275] Yoo et al.l276] created
elastic nerve guidance conduits (NGCs) with longitudinally oriented
collagen hydrogel grafts to repair sciatic nerve defects. The study
demonstrated that aligned collagen hydrogels offer an ideal
environment for nerve regeneration, serving as a guided pathway.
These advanced models can also train surgeons in treating nerve
transection injuries.[277.278] Qverall, 3D-printed models for surgical
planning in neurological diseases show promise but need further
development to accurately replicate the dynamic processes of
complex neurological conditions for improved patient
outcomes. [2791(280]

cells
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Figure. 11 (a) 3D printed models as a valuable tool in endovascular treatment of intracranial aneurysms; Figure reproduced from Marciuc et
al.[283] (b) Cerebral organoids are generated by converting patient-derived stem cells into embryoid bodies, forming neuroepithelium in
Matrigel. They are then cultured in a spinning bioreactor to enhance nutrient absorption and ensure long-term preservation (c) Cerebral
organoid printing; Figure reproduced from Rawal et al. (2691 with permission from Springer Nature, copyright (2021)

Considering the above-mentioned surgical cases where 3D printing
was involved, it is recommended that surgical prototypes are the best
way to allow the surgeons to rehearse before the procedure and
prepare them for the actual surgical operation. Personalized 3D-
printed implants offer improved outcomes and fewer complications.
Their precise fit provides enhanced comfort, quicker recovery, and

better integration with surrounding tissues. Overall, 3D printing
offers unprecedented precision, patient-specific customization, and
enhanced visualization, thereby revolutionizing the field of surgical
planning. Table 4 summarizes the clinical translation of 3D printed
models for different surgical planning and procedures included in the
surgery-specific section.

Table 4. Summary of the considered 3D-printed models and implants used in various surgical planning and procedures

Diseases Use of patient-specific models/implants | Materials for models References
Upper extremity fractures Clavicle fracture Plastic [211]
Humeral fracture - [213]
Acromial fracture - [208]
Cubitus varus deformity - [216]
Thumb reconstruction PLA [219]
Lower extremity fractures Ankle fracture - [224]
Calcaneal fracture - [225]
Dentistry Dental prosthesis NextDent Resin [229]
Dental crowns VeroGlaze MED620 [232]
Spine Congenital scoliosis - [198]
Ankyphosing spondylitis Ti alloy powder [202]
Primary thyroid carcinoma Ti powder [199]
Spinal column tumor PLA [197]
Gynecological Deep infiltrating endometriosis - [259]
Uterine cancer Photopolymer resin [256]
Cardiology Congenital heart disease - 112]
Cardiac tumor PLA [237]
Atrial fibrillation Flexfill 98A elastic | 1239
filament
Neurological Intracranial aneurysms Zortax transparent yellow | [263]
flexible resin
Glioblastoma Brain-derived bioink [270]
Parkinson Peptide bioink 1272]
Peripheral nerve injury PLCL and collagen 1276]

4 Prospects in surgical model advancements
Significant progress has been achieved with 3D printing in several

subfields of medicine. However, considering surgical planning and
procedure, the area is still in its infancy. Additional efforts are
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required to tackle the difficulties related to printing technologies,
printed parts, regulatory considerations, and image segmentation
procedures. To overcome these challenges, the adoption of 3D
printing with various approaches, such as multi-material techniques,
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metamaterials, 4D printing, and machine learning (ML), has been
proposed.

4.1 Challenges and concerns in preparation of 3D printed surgical

models

41.1 Issues and challenges in image segmentation procedures
Medical images are essential in evaluating patients for diagnosis and
treatment.[281] |mage segmentation results are crucial as they
influence all subsequent steps in the image analysis process.

Segmentation identifies and separates different ROl within the image.

The representation and description of ROI, the measurement of their
features, and higher-level tasks like classification all depend on the
quality of the initial segmentation.l282 This makes image
segmentation crucial for delineating, characterizing, and visualizing
ROI in any medical image, which is explained in detail in the data
preparation section. The traditional medical image segmentation
methods require extensive manual effort and expertise, are prone to
errors, and provide only a 2D view of the image at each stage.[283] For
example, MRI can provide valuable insights about organ function and
perfusion, such as analyzing myocardial perfusion during cardiac
tests. However, a significant limitation of MRl is its inability to capture
information across multiple biological scales simultaneously, from
the molecular and cellular levels to the tissue and organ levels.[284]
Such multiscale analysis is crucial for comprehensively understanding
physiological and pathological processes. Additionally, the
intersection of edges with the background in MRI images can blur the
borders of soft tissue, leading to errors in reconstructing edge
information. All these multiscale analysis issues combined with
blurred borders hamper the overall efficiency of image segmentation
and the reliability of the segmentation results. These challenges
necessitated the development of advanced technologies to improve
image segmentation.[285]

4.1.2 Issues and challenges in the printing process

Inadequate manufacturing speed is a frequent issue observed in 3D
printing technologies. In most circumstances, manufacturing
biomedical parts utilizing 3D printing takes several hours, if not
days.[286] Such printing speed is not suitable for specific biomedical
applications, such as life-saving and emergency surgeries. The print
resolution is another challenge, as most methods are better suited
for medium (meso) and large (macro) dimensions rather than
micron-range resolutions needed for specific applications.[287]
Additionally, the cost and complexity of 3D-printed models present
further challenges, including the need to scale down or divide large
parts, which can weaken the final product and introduce dimensional
errors.[288-290] Apart from these issues, 3D printing processes can
result in the development of thermal gradients.[l Thermal
gradients in 3D printing can lead to directional variations in the
microstructures and mechanical properties.l?2] For example, FDM-
printed fracture fixation plates exhibit more robust mechanical
properties along the X and Y axes than the Z-axis (build path),
highlighting  directional dependence.??3] Beyond mechanical
anisotropy, achieving accurate organ mimicry in 3D-printed
anatomical models remains challenging, as most models use a single
material to represent the variety of tissues present.[2%4l For example,
3D-printed tumor tissues, made of a single material, lack the varying
mechanical textures found in actual tumor tissues.2%5] Another
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example includes the absence of arteries in a 3D-printed dura-mater
for neurosurgical rehearsal, which might add complexity during the
surgical operation.[2%] Although these models accurately reflect the
size and shape of real tissues or organs, they fail to capture the full
complexity of their structure and function.3% This limitation persists
despite significant advancements in 3D printing technology, as the
core workflows have remained unchanged over the past 30 years.
The STL file format, still commonly used, links shape and material
through surface-based triangle meshes. This limits the ability to use
multiple materials and forces all data into surface representations,
often increasing computational load, distorting data, and causing loss
of critical information, especially in scientific use.[2%7] A voxel-based
approach with multimaterial 3D printing offers improved physical
data visualization. By using photopolymer materials such as cyan,
magenta, yellow, black, white, and transparent resins, this method
produces full-color models with adjustable transparency, enabling
accurate representation of complex n manifolds where n is less than
or equal to 3, including point clouds, curves, surfaces, and
volumes.[2%8] Commercial multimaterial 3D printers offer high-
resolution builds within a 500 x 400 x 200 mm space, achieving up to
929 bhillion addressable voxels through 600 x 300 dpi droplet
resolution and 12 um layer thickness. This precision enables
volumetric color and transparency gradients and fabricating intricate
structures with fine details inside clear enclosures. For example,
Jacobson et al.2%9 used bitmap printing (voxel-based), an AM
method that enables precise control over the resin mixing and
deposition at ultrahigh resolution. This approach directly translates
medical images to replicate human anatomy with 15 um spatial
fidelity, preserving soft tissue variations without data loss or
alteration. In addition to progress in printing technologies, there is a
growing emphasis on developing advanced materials. Functionally
graded materials are gaining attention for their ability to replicate the
gradual transitions found in native tissue properties. Zheng et al.[300
designed dental implants with a functionally graded porous structure
based on triply periodic minimal surfaces (TPMS). This radial gradient
design aimed to reduce stress shielding and support long-term bone
integration. Mechanical tests and finite element analysis showed that
a 40% gradient (inner porosity 80%, outer porosity 40%) resulted in
the highest elastic modulus (14.32 GPa) and vyield strength (527.25
MPa). These values fall within the mechanical range of natural bone
(2-20 GPa for modulus), supporting their potential suitability for
medical applications. Despite progress in 3D printing technologies
and materials, there remains a need for systems capable of
processing multiple bioinks simultaneously and the spatiotemporal
positioning of different bio-inks to accurately replicate the structure,
texture, and consistency of native tissues and organs.

4.1.3 Regulatory concerns

Several regulatory challenges exist concerning using the AM process
in surgical planning and procedures.!3l The first and most serious
concern is the responsibility for deviating from the conventional
standard treatment, particularly in the case of anatomical models. It
is still doubtful who should be held accountable for any errors in the
customization settings of anatomical models.392 Patient safety is
another major concern in the use of 3D printing in surgery. The
complexity of using 3D-printed models and devices, which may
require mechanical strength, precise positioning, and repeated
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loading, necessitates thorough testing and validation.[393] Regulatory
bodies such as the U.S. Food and Drug Administration (FDA) are
working to establish new testing requirements to ensure the safety
of 3D-printed models and devices for clinical use. As AM technologies
are relatively new to the medical field, the FDA is focused on
developing regulations for 3D-printed components, including organ
models, implants, and surgical tools. [304] [305]

A recent review by Brian G. Beitler et al.3%! highlighted the
regulatory factors for adopting 3D printing in hospitals, medical
centers, or point-of-care to develop patient-specific devices. Figure
12 summarizes a general guideline recommended by the FDA for
establishing point-of-care 3D printing centers. However, the
existence of these point-of-care centers blurs the distinction between
healthcare providers, medical facilities, and device manufacturers,
resulting in regulatory ambiguity.

Globally, governments work to ensure the safety and effectiveness of

medical devices, but regulatory systems vary from country to country.

Since no single framework meets all countries’ needs, each country
has developed its regulations and seeks alignment to facilitate
international market access. The Global Harmonization Task Force
(GHTF), formed by regulators and industry representatives from
Australia, Canada, Japan, the European Union, and the US, works to
harmonize medical device regulations. A typical regulatory
framework includes premarket, on-market, and post-market stages,
with devices classified by risk level to determine the level of scrutiny
required. For example, the FDA categorizes medical devices into Class
I, 11, or Ill, with higher-risk devices subject to more oversight.[307]

Additionally, standardization efforts for AM in medicine are ongoing.
ASTM International and ISO have collaborated to develop global
standards for AM, with input from over 1,000 experts. Within ASTM'’s
FA2 committee, subcommittees focus on industry-specific needs,
including medical AM. FDA-recognized standards cover ISO/ASTM
52900(for terminology), ISO/ASTM 52910, 52911 (for design),
ISO/ASTM 52915(for data management), ASTM F3001, F3302 (for
materials), and ISO/ASTM 52904 for validation. However, these
standards do not fully meet all FDA premarket review requirements.
For instance, ASTM F3001 outlines material properties for Titanium 6
Aluminium 4 Vanadium ELI. Still, it does not address factors like
powder reuse or variations in the build conditions, limiting its
application in identifying worst-case material performance.3%! Other
organizations, such as IEEE and DICOM, contribute to standardization
efforts, particularly in 3D modeling, data management, and medical
imaging, although interoperability remains challenging.[30!

Overall, regulatory frameworks must evolve to address the unique
characteristics of point-of-care manufacturing, account for the
variability in AM processes and materials, and support international
collaboration to harmonize standards and reduce market entry
barriers.

Evaluation of biocompatibility and functional performance of 3D

printed implants

Biocompatibility refers to how biomaterials interact with a living body
under various chemical, metabolic, physiological, and physical
conditions.B319 |t is essential to understand these interactions to
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ensure the material's safety and effectiveness. Upon implantation, a
3D-printed implant engages in complex interactions with human
tissues. Developing safe and biocompatible materials depends on
how well these interactions are characterized. As materials may
respond differently under various conditions, comprehensive testing
is required to ensure their safety.[311] Biocompatibility evaluation
involves examining how a material interacts with the biological
environment, considering long-term stability, harmful byproduct
formation, surface texture, crystallinity, moisture absorption,
chemical composition, stiffness, and surface charge. The required
testing depends on the material's intended application.312] For
instance, in orthopedic uses, the material must not cause
inflammation, interact safely with proteins and blood, and maintain
its structural integrity over time. Testing involves both in vitro and in
vivo methods. In vitro testing is essential during the early stages of
development to identify potential risks, while in vivo testing provides
a comprehensive understanding of biological responses within a
living system. 13131 Together, these methods are necessary to evaluate
the safety and effectiveness of biomaterials for implant applications.
However, confirming biocompatibility also requires a thorough
assessment of implants' mechanical and chemical properties, as
these influence how implants interact with biological tissues over
time. Mechanical testing ensures that devices retain structural
integrity after implantation and exhibit appropriate degradation
behavior. 13141 Chemical testing examines extractable and leachable
compounds to verify compliance with ISO 10993 standards, reducing
potential health risks. 315 In parallel, biological testing is critical in
evaluating the overall interaction between implants and the human
body. The ISO biocompatibility evaluation matrix further supports
this process by classifying medical devices based on the nature and
duration of body contact, providing a structured framework for
testing.

The ISO 10993 series offers a detailed guideline for evaluating
biological safety, specifying the necessary tests and endpoints for
different device categories.[316] Key tests in this process include
cytotoxicity, which checks for the potential of materials to harm or
kill cells; sensitization assays, which identify substances that may
cause allergic reactions during repeated exposure; irritation tests,
which assess the material's effects on skin and mucous membranes;
subchronic toxicity tests, which evaluate prolonged exposure effect;
and genotoxicity studies, which look for the substances that could
cause genetic damage.317] Implantation tests observe how materials
behave when placed into live tissue, while hemocompatibility tests
evaluate interactions with blood tissue. Other tests such as
carcinogenicity, reproductive, and developmental toxicity studies are
conducted to assess potential risks like cancer or effects on fertility
and embryonic development. Biodegradation tests assess how
materials degrade in the body, particularly for biodegradable
implants. Toxicokinetic studies examine how the body absorbs,
distributes, metabolizes, and eliminates potentially toxic substances
from medical devices.310]

International standards play a key role in ensuring such testing is
consistent and scientifically robust. Organizations such as the
International Organization for Standardization (I1SO), ASTM
International, and the International Medical Device Regulators Forum
(IMDRF) provide structured frameworks that guide the evaluation of
biocompatibility, safety, and performance of medical devices globally.
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The ISO 10993 series, in particular, outlines detailed procedures for
biological and clinical assessments, including tests for implantation
effects, systemic toxicity, and carcinogenicity.l318] Regional and
national standards play a significant role in shaping medical device
regulations worldwide. For instance, European medical devices
require a Conformité Européenne (CE) marking, which confirms
compliance with European Union (EU) health, safety, and
environmental regulations evaluated by accredited Notified Bodies.
The FDA regulates device approval in the United States through
Premarket Approval and 510(k) pathways, relying on 1SO standards
combined with FDA-specific guidance.31% Meanwhile, countries like
Japan, India, South Africa, and Israel are developing or harmonizing
their regulations with these international frameworks.320 While
progress is being made to align regulations across regions such as
Asia-Pacific, Africa, and Latin America, variations remain. In addition
to biological testing, many nations impose extra requirements for
physicochemical properties and electrical safety.321]
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Organizations, including the American National Standards Institute
(ANSI), contribute to consensus standards in the US and collaborate
with global bodies like ISO and the International Electrotechnical
Commission (IEC).13221 Complementary resources such as the United
States Pharmacopeia National Formulary and guidelines like Good
Laboratory Practices (GLP) and the International Council for
Harmonisation (ICH) support consistent and reliable medical device
testing.[323! This evolving regulatory landscape also demands special
considerations for specific device categories and emerging
technologies.324  Pediatric devices often rely on clinical data for
safety, reducing the need for extensive juvenile toxicity tests. New
technologies such as nanomaterials, three-dimensional bioprinting,
and regenerative medicine present additional challenges that
regulatory agencies, including ISO and FDA, are actively addressing
by developing appropriate standards and frameworks.325] As these
regulations continue to change, engaging experts familiar with both
regional and international requirements is essential to ensure
regulatory compliance and patient safety.[326]
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Figure 12. General guidelines recommended by FDA for patient-specific anatomical models; Figure reproduced from Hameed et al. (302

Overall, existing 3D printing faces several critical issues that require
immediate attention. These include limitations in segmenting CT
scans and MRIs, printer speed and resolution constraints, and the
lack of realistic replication of soft tissue in static, single-material 3D
printed models. Addressing these challenges is essential for
advancing the technology toward refining the use of AM in surgical
planning and procedures.

4.2 Elevating surgical planning with multidisciplinary solutions

4.2.1 Multimaterial 3D printing for personalized anatomical
models

Dimensional accuracy in 3D-printed models is vital, and the printed
models must respond realistically during rehearsal surgeries to fulfill
preoperative planning needs.327! Although 3D printing can replicate
hard tissues like bone, it is challenging to mimic soft tissues like the
heart, liver, brain, and kidney. This challenge arises because the
materials currently in use, such as photocurable polymers, have
limitations in replicating soft tissue's complex structures and
functions.328] Differences in shore hardness and viscoelasticity
between existing materials and soft tissues hinder the accurate
replication of an organ or tissue. Hence, accurately replicating the
mechanical characteristics of native soft tissues in printed models
requires close attention to properties such as elastic modulus,
hardness, and viscoelasticity.[32% Hydrogels are increasingly used for
this purpose due to their tunable mechanical behavior, making them
suitable for simulating soft tissue.33% For example, formulations such
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as 4% wt. GelMA and 2% wt. Agarose has demonstrated a close
mechanical resemblance to the kidney. Reproducing native tissue
behavior requires alignment with key parameters like Shore hardness
and viscoelastic moduli. The kidney exhibits a Shore hardness of 36 +
10 Shore 00, which is closely matched by 2% wt agarose (37 + 5 Shore
00) and 4% wt GelMA (32 + 4 Shore 00). In terms of viscoelastic
behavior, storage and loss moduli of the kidney are 2.38 + 0.43 kPa
and 0.40 £ 0.08 kPa, respectively. Materials like 6% wt. PVA with 1%
wt. Phytagel (PHY) provide the closest match for the elastic response
(storage modulus), while 1% wt agarose and 4% wt GelMA align well
with the viscous component (loss modulus) of the kidney. Brain tissue,
being much softer, has a Shore hardness of 4.5 + 1.5 Shore 00, which
is closely mimicked by 2% wt PHY (8 + 2 Shore 00). Its storage and
loss moduliare 2.6 + 0.84 kPa and 0.47 + 0.19 kPa, respectively. Again,
6% wt PVA with 1% wt PHY best replicates the elastic response, while
1% wt agarose, 4% wt GelMA, and 2% wt PHY effectively reproduce
the viscous properties.[’] Therefore, integrating multi-material 3D
printing is critical for minimizing the biomechanical mismatch
between printed constructs and actual soft tissues. For example,
fabricating a 3D model of the human vascular system requires
multiple materials to accurately represent its complex
structures.331332] |im et al.[333! used a multimaterial approach with
elastomers and hydrogels to produce 3D vascular models through an
indirect 3D printing technique. The study revealed that the proposed
replicas could facilitate accurate simulation of endovascular surgery.
Similarly, Levin et al.[334 used flexible material to print aortic leaflets

This journal is © The Royal Society of Chemistry 2025
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and aortic arc geometry in the scope of the intricate structures
requirement for transcatheter aortic valve replacement. The hard
material was used to print the calcified structure, which was then
integrated into the aortic leaflet. One of the challenges is the
accurate replication of interfaces at soft and hard tissues. These
models precisely mimic the anatomical and functional properties of

the actual aortic leaflet of a human. Despite significant
advancements, multi-material models struggle to accurately
replicate soft tissue's complex biological structures and

motions.[75:335]

Soft robotics and tissue engineering can overcome this limitation by
achieving intricate biological motions of soft tissue.[33¢] The functions
of these tissue-engineered soft tissues can be augmented through 4D
printing, microbots, and cyber-physical systems.[337.338] park et al.[339]
developed a biorobotic hybrid heart that mimics the biomechanics of
the heart and preserves its natural internal structure by replicating
the cardiac myofiber arrangement found in the left ventricle. The
endocardial tissue of the pig heart preserved detailed information on
the intracardiac structure. At the same time, soft robotics enabled
biomimetic motion. Figure 13 illustrates the complete process of
developing an analogously beating heart model, from pig heart
dissection to recreating the dynamic motion of the heart. The high-
fidelity beating heart model is a simulator for developing and testing
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mitral valve repair or replacement interventions. Its simulation
capabilities can potentially develop tools for assessing and treating
left and right ventricle issues.[340! Singh et al. 1341 developed a soft
robotic model of the right heart that accurately mimics right ventricle
biomechanics and hemodynamics. This soft robotic model enhances
the understanding of right ventricle (dys)function, reduces the need
for animal testing, provides a foundation for developing tools to
correct diseases, and bridges the gap between benchtop and
preclinical testing. Noor et al.342] fabricated the cellularized human
heart with integrated blood vessels. The dimensions of the beating
heart were 20 mm in height and 14 mm in diameter, with two
different bio-inks (multi-material). The blood vessels and cardiac
tissue were constructed using customized bio-ink supplemented with
dyes (color). The blue for blood vessels and red polystyrene spheres
for cardiac tissue were used for better visualization. Additionally,
customized bio-ink was used to print functional vascularized patches.
These perfusable and vascularized patches were produced by the
synergetic use of the patient derived cell and hydrogel. Figure 14
shows the concept of fabricating a lively human whole heart and
vascularized patches. Thus, integrating multi-materials, soft robotics,
and tissue engineering into AM can significantly improve the
resemblance of 3D-printed tissues to actual soft tissues by reducing
biomechanical differences.
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4.2.2 Metamaterial 3D printing: Providing haptic feedback in
surgical simulation

The realistic touch sensations are of utmost importance in simulated
surgical environments 343, These systems aim to provide users with
an immersive and lifelike experience by incorporating tactile
feedback into the training process.[289l To obtain this, a detailed
understanding of the mechanical behavior of tissues is essential for
the precise selection of materials for 3D printing for surgical

simulation.[160] For instance, if the material is excessively stretchable,

the needle may penetrate beyond the tissue boundary during surgery.

Similarly, an overly soft material lacks tactile feedback for surgeons
and may break upon contact. Conventional models used in surgical
simulations assume that tissues exhibit either isotropy (equal stretch
in all directions) or transverse isotropy (different stretch in different
directions). However, actual tissues display nonlinearity, anisotropy,
viscoelasticity, and tension-compression asymmetry, affecting the
behavior of surgical instruments. Therefore, an accurate 3D surgical

| This journal is © The Royal Society of Chemistry 2025

model replicating these biomechanical properties is crucial for
understanding needle-tissue interactions and ensuring safe and
effective surgeries.[3%4l Recognizing this disparity, researchers are
actively improving the accuracy of these models by integrating more
advanced features, including rate dependence, hierarchical structure,
interstitial flow, and post-yield behaviors.[345346] Still, there is a
mismatch in mechanical properties between materials used in 3D
printed models and actual tissue.[346347] For example, Wang et al.[348!
demonstrated that soft tissues and 3D-printed models exhibit distinct
behaviors under large deformation. The main difficulty stems from
the inherent dissimilarity in stress-strain curves between soft tissues
and 3D printable polymers. Soft tissues typically exhibit an initial
strain-stiffening behavior, resulting in a convex stress-strain curve
during the early stages. On the other hand, polymer materials
typically display a strain-softening characteristic, as seen in their
stress-strain curve, which is generally concave right from the
beginning (Figure 15a).
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The latest advancements in 3D-printed metamaterials shed new light
on tackling this challenge. The strain-stiffening behavior of soft
tissues can be obtained by designing the arrangement and
composition of the metamaterials at a microscale or nanoscale level.
Metamaterials are specially designed structures with unique
mechanical properties that result from the design of their
microstructural geometry rather than the materials themselves. The
mechanical properties of metamaterials depend on the design and
geometry of their unit cells, including cell shape, size, strut and node
connectivity, and porosity. Tailoring these elements allows for specific
properties, making metamaterials versatile for surgical
applications.34]  Hence, manipulating the structure-property
relationship in metamaterials makes it possible to create surgical
models that accurately replicate the mechanical behavior of
anatomical tissues. For instance, a heterogeneous design can be
achieved by reinforcing a body-centered cubic (BCC) structure with
face-centered cubic (FCC) unit cells arranged in a chessboard-like
pattern within each layer, enhancing compressive strength (Figure
15b). 350 The feasibility of designing the mechanical properties of
metamaterials has increased with the advent of multi-material 3D
printing technologies.351 For instance, Maier et al.352 replicated
human soft tissue using dual-material 3D printing with a support-
filled metamaterial to provide bimanual haptic feedback for a hand
surgery training system. This method not only improves the overall
elasticity of the hand model but also ensures that the support
material remains locally constrained. This dual effect allows the
model to maintain its shape and adequately align the internal bones,
even after repeated deformation. Johnson et al.353! devised a
framework utilizing lattice microstructures to adjust the elastic
profile of linear base material, transforming it into nonlinear elastic
materials to mimic the biomechanical properties of soft tissues like
plantar fat. A stress-strain curve closest to plantar fat was observed
in a simple cubic lattice microstructure composed of cylindrical
elements with 0.5 mm diameter columns and 1.2 mm spacing. The
elastic modulus at 10%, 30%, and 50% strain was 7.55 kPa, 9.50 kPa,
and 252 kPa, respectively. At the same strain values, actual plantar
fat has modulus values of 1.08 kPa, 7.13 kPa, and 188 kPa. Therefore,
fine-tuning the lattice microstructures can reduce Young's modulus
of soft 3D-printed materials, allowing them to mimic human soft
tissue behavior. Hence, integrating metamaterial 3D printing into
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surgical simulation significantly enhances the immersive
experience.3%4 |t enables surgeons to develop and refine their skills
in a highly realistic and controlled environment (Figure 15c).

Zhang et al.13%5] developed microlattice metamaterials for vascular
stents, using designs inspired byNiTi alloys' austenite and martensite
crystal structures. These structures were fabricated using laser
powder bed fusion with strut diameters ranging from 0.4 mm to 0.8
mm to achieve a wide range of tunable mechanical and superelastic
properties. The loading direction influenced the mechanical
performance. The martensite-inspired design loaded along the x-axis
(My) exhibited the highest Young’s modulus from 1001.5 MPa to
3720.4 MPa and the widest tunable range of 87.32 %. The austenite-
inspired design (A) showed complete tunability in yield strength. All
designs demonstrated excellent super elasticity with recoverability
between 98.10 % and 99.36 %. The My model showed the highest
recoverability despite a narrower tunable range. Tuning the lattice
structure enhances the mechanical properties of NiTi-based
microlattice metamaterials by controlling how stress is distributed
and absorbed within the material. Modifying the lattice geometry,
including strut orientation, size, and shape, directly influences the
key mechanical properties such as stiffness (Young's modulus),
strength, and superelastic behavior. The strut diameter and
orientation play a critical role in load-bearing capacity and energy
absorption, with thicker or optimally oriented struts improving
stiffness and strength. The lattice symmetry and topology, derived
from the austenite (BCC) or martensite (monoclinic) crystal
structures, lead to distinct stress distributions and deformation
mechanisms. For instance, the M-x structure exhibits higher stiffness
due to its alignment with the loading direction. Additionally, the
volume fraction, or the amount of solid material present, increases
with strut thickness, further enhancing mechanical performance.

The design of the microlattice architecture, including strut
orientation, diameter, and geometry, enables precise control over the
mechanical behavior, such as load-bearing capacity and shape
recovery after compression. This adjustment significantly enhances
metamaterials' mechanical strength and shape memory properties,
making them suitable for various surgical applications.356] Qverall,
manipulating the structure-property relationship in metamaterials
enables the creation of surgical models that can accurately replicate
the mechanical behavior of an anatomical tissue.

This journal is © The Royal Society of Chemistry 2025
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Figure 15. (a) Stress-strain behavior of soft tissue (dashed line) and polymer (solid line): The soft tissue curve includes region A (toe), B (elastic),
C (plastic), and D (failure); the Polymer curve shows phase | (primary creep), Il (secondary creep), and Il (tertiary creep). (b) Enlarged view
focusing on the strain range relevant to most tissue-mimicking phantom applications; Figure reproduced from Wang et al. 348l with permission
from Elsevier, copyright (2022) (c) Unveiling the Structure-Property Connection: Tailoring the spatial arrangement of lattice cells for desired
metamaterial properties ; Figure reproduced from Rahimi et al. 359 with permission from Springer Nature, copyright (2022) (d) Metamaterials
in surgical models to attain tactile feedback during surgical simulations; Figure reproduced from Ren et al. 1354 with the permission from John

Wiley and Sons, copyright (2022)

423 4D printing towards the development of smart models
and implants

3D printing is extensively employed in surgical planning because it
can produce complex shapes tailored for use in surgical prototypes,
surgical guides, and implants. However, most 3D-printed materials
are static and cannot autonomously alter or adjust their
characteristics in response to the surrounding dynamic
environment.[357] Several studies have demonstrated accurate partial
nephrectomies using 3D-printed renal cancer models from MRI data
to design surgical plans ahead of laparoscopic surgery. However,
these studies cannot accurately translate the surgical plan onto the
patient during the procedure, reducing their feasibility forimmediate
laparoscopic surgery. 4D printing technology enhances 3D-printed
models by incorporating active and responsive functionalities, with
the distinction between 3D and 4D printing outlined in Table 5. 4D
printing creates dynamic 3D constructs that evolve. There are two
main approaches. The first involves shape-changing constructs,
where materials and cells respond to stimuli, causing the printed
object to change shape or function.3%8 A key example is using
materials with an irreversible shape-memory effect for minimally
invasive surgery, allowing insertion in a temporary form before
expanding into a stable structure. The second approach focuses on
dynamic tissue engineering, where scaffolds and grafts mimic human
tissue's natural, reversible movements by responding to stimuli. This
approach can contribute to surgical planning by providing more
realistic preclinical models that simulate tissue behavior under
physiological conditions. These models help surgeons anticipate how
tissues will respond to interventions, improving the precision of
surgical procedures. Essentially, the first approach creates structures
that change shape once, while the second enables repeated shape
transformations.359 Like Ock et al.[3¢%] developed a portable, self-
expanding surgical guide using 4D printing with shape-memory
polymer materials based on medical imaging for laparoscopic partial
nephrectomies. The 4D printed surgical guide enhances surgical
accuracy and shortens procedure time by marking the resection line
on the kidney before clamping blood vessels. It can pass through a
laparoscopic port and regain its original shape with heated water,
making it suitable for laparoscopic or robotic surgery. Its ability to fit
through the trocar and restore its shape is crucial for clinical use.
Technical tests confirmed its shape and tumor-targeting accuracy
before and after compression. The 4D printed surgical guide
demonstrated shape accuracy before compression and after
restoration, with limits of agreement between -2.20 to 2.10 mm and

-0.94 to 1.04 mm, showing no significant differences between guides.

The marking accuracy errors before and after compression ranged
from -2.60 to 1.70 mm and -2.20 to 1.80 mm, with no significant
differences among operators (p = 0.899 and 0.992). These results
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confirm that novice surgeons can achieve accurate and consistent
surgical outcomes using the 4D printed surgical guides.

4D printing technology offers promising advancements in designing
adaptive surgical tools that respond to environmental changes,
improving precision and control during intricate procedures.
Adapting shape and stiffness is vital for surgical tools to effectively
conform to diverse anatomical structures and surgical needs, helping
to minimize potential harm to nearby tissues. For instance, GE et
al.B81 developed a 4D-printed surgical gripper capable of adjusting
its shape and stiffness in response to the environmental stimuli
within the body, allowing it to navigate confined spaces, handle
delicate tissues, and minimize the risk of damage during surgical
procedures. Zarek et al. 362 ysed a 4D printing approach to fabricate
personalized endoluminal cylindrical stents to treat central airway
obstruction. Methacrylated polycaprolactone (PCL-MA) is a stimuli-
responsive biomaterial used for fabricating stents via the SLA method.
The PCL-MA stent changes from a closed state at room temperature
to an open state at the human body temperature (37°C). By
accurately aligning with the arcade structure of the patient and
cartilaginous ring positioning, this approach reduces the risk of
migration, a common complication during stent placement. The
personalized design ensures a precise fit at the damaged site,
enabling minimally invasive insertion and optimal stent placement,
leading to better patient outcomes. Kim et al.[363] fabricated 4D-
printed polyurethane-based bifurcated stents via the FDM process.
The use of polyurethane activates the shape memory effects at 55 °C.
The stent deforms from an open “Y”-shaped configuration to a
temporary metastable closed configuration in the shape of an “I”.
During this transition, the multiple branches of the stent converge
into a single tube with a smaller diameter. Thus, the 4D-printed stent
can pass through the central vessel in its temporary metastable
configuration. Once it reaches the target vessel's bifurcation, it can
be returned to its original "Y"-shaped configuration by applying a
second specific stimulus, raising the temperature to 60 °C. Through
4D printing, stents can be implanted with minimal invasion at the
specific bifurcation site, improving the success rate of stent insertion
operations in medicine. Apart from stent placement, treating missing
or damaged teeth can also benefit from 4D printing. The changing
nature of gums and bones around dental prostheses needs careful
attention during the design and placement of bridges. Khorsandi et
al.182] demonstrated that 4D printing technology, using shape
memory polymers, improves denture flexibility by automatically
adjusting to changes in the mouth, thereby reducing potential issues
during maxillofacial surgeries. Unlike traditional dentures that
require frequent adjustments due to changes in bone structure and
pressure, these 4D-printed dentures adapt more effectively to mouth
conditions, enhancing patient's comfort and durability of dentures.
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Challenges of 4D printing

The emergence of 4DP technology has significantly changed the
application of intelligent, tunable materials in fields like regenerative
medicine and surgical planning.3%41 While 4D printing holds great
potential, it is essential to acknowledge the limitations and
challenges that prevent its widespread adoption. The development
of multi-material and multi-functional 4DP printing technology to
create intelligent, tunable materials is still in the early stages and
faces several obstacles. The main challenge in 4D printing technology,
especially in the biological field, is material limitations. The range of
printable materials is limited, and their compatibility for mixing to
create multi-component structures is restricted. Biocompatible
stimuli-responsive materials that react to physiological signals are
crucial for surgical planning, enabling dynamic patient-specific
models that enhance preoperative assessment and personalized
treatment strategies. Most materials are unsuitable for medical use
because they are not biocompatible, do not respond to stimuli, or
only respond to specific signals.3°9 Besides biocompatibility,
biodegradability is crucial in 4D bioprinting and 4D printing with
materials like shape-memory polymers. The irreversible shape-
memory effect allows for a snug fit, enabling minimally invasive
insertion and precise stent placement. However, it complicates
Table 5 Comparisons of 3D and 4D printings

removal after healing. Since, permanent stents may lead to
hyperplasia, rapidly degradable materials ensure safe removal. There
is a need to develop innovative biocompatible and biodegradable
materials that can be printed, combined, and respond to various

stimuli to overcome these barriers.[36]

The second challenge lies in design-related constraints. The
limitations of software capabilities and the inability to control the
timing and response rates of materials to stimuli in body conditions
are significant obstacles to 4D printing.36¢] The third challenge
involves technology-related limitations, such as integrating multiple
materials, scalability, and achieving high accuracy and resolution.
Furthermore, the need for efficient supply chains for raw materials,
tools, and infrastructure for large-scale manufacturing and
distribution of 4D-printed products increases production costs. These
challenges can delay the transition of 4D printing into mass
production, and these need to be considered. Overall, 4D printing for
surgery has the potential to transform healthcare. Despite challenges,
ongoing innovation and collaboration are accelerating progress,
paving the way for significant advancements in medicine and
biotechnology.

Characteristics 3D printing

4D printing

composites(369]

Principle Layer-by-layer fabrication of static | Shape-changing properties are integrated in layer-by-
structures [367] layer fabrication [368]
Materials used Plastics, metals, ceramics, | Shape-memory polymers, hydrogels, stimuli-responsive

composites, metals, and ceramics 1370

medical devices!373]

Advantages Personalization, intricate geometry, Enhanced functionality, flexibility, and responsive
and minimized waste [370] .
behaviour!371]
Complexity Confined to static structures 3721 Dynamic structures with time-dependent shape
transformation 3711
Applications Prosthetics, implants, tissue scaffolds, | Soft robotics, self-deploying implants, etc.1374

4.2.4 AM and Al: An outlook towards synergetic integration
Artificial Intelligence (Al) is essential in elevating the quality of
surgical simulations, which are gaining popularity as a valuable tool
for enriching the training experiences of surgeons 3731, Al can be
applied throughout all stages of 3D surgical models, from pre-printing
(such as image processing, computer-aided design, material selection,
and setting printing parameters) to the printing process (including
method selection, defect control, and failure identification) and
finally to post-printing (for quality inspection and real-time
monitoring).[297]

Data preparation for 3D printing of surgical models

3D printing anatomical models are highly beneficial in surgical
planning, starting with high-quality DICOM files from CT/MRI scans
for 3D visualization, segmentation, and mesh creation. Slice thickness
under 2 mm ensures accurate rendering, as thicker slices lose fine

| This journal is © The Royal Society of Chemistry 2025

details. Software like Amira®, Vitrea®, and MIMICS™ extracts the
region of interest (ROI) by marking slices within a defined Hounsfield
Unit (HU) range (-1024 to 3071). While artifacts in 2D sectioning can
complicate interpretation, multiscale volume rendering, such as
hierarchical micro imaging (1 pum resolution), aids in analyzing
complex structures like soft tissues, blood vessels, and tumors.
Nevertheless, manual contouring remains a tedious and time-
intensive process, primarily because of the poor soft tissue contrast
in CT images, which often results in inaccuracies and inconsistencies
in distinguishing target regions from surrounding tissue.B37¢! For
example, Becker et al.”7l noted that an expert could spend
approximately 20 to 30 minutes manually segmenting the orbit on a
single CT scan. Cooper et al.1378 noted that it typically required
around 60 minutes to segment the orbit in a CT scan manually.
However, ML, a branch of Al, mimics the human brain for complex
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tasks, exploring image features using a data-driven approach to
simplify functions like image segmentation.l379] ML-based multiorgan
segmentation speeds up contouring and improves accuracy,
facilitating online adaptive radiotherapy and enhancing clinical
outcomes. Advanced ML algorithms, including convolution neural
networks (CNNs), can now automate feature detection for image
segmentation.[38%] A CNN is a specialized ANN designed for grid-like
data, such as images or audio. It processes the input through layers
of convolution and pooling to extract key features, progressively
reduce data size, and produce prediction outputs. For example, Zreik
et al.381 Patch-based CNN was used to segment the left ventricle (LV)
in the cardiac CT angiography scans. The proposed method
demonstrated high sensitivity and specificity, significant overlap, and
minimal distance between the automatic segmentation and manual
annotations, highlighting its accuracy and clinical relevance in
medical imaging. This reduced the blur border issues in MRI and
enhanced the reliance on medical imaging for producing 3D models
for soft tissue surgery.

Generative Al for Imaging modality

Despite the success of supervised learning approaches such as CNNs,
these methods often require a large volume of annotated data and
rely on pixel-wise classification through the encoder-decoder
framework.382 This dependency limits their flexibility and scalability
across diverse clinical applications. Generative Al (GenAl) is gaining
attention in medical image data preparation to overcome these
issues. 13831 Generative adversarial networks (GANs), a subset of
Generative Al (GenAl), are recognized as promising medical image
analysis tools capable of producing high-quality images that maintain
structural accuracy and support potential clinical use.B384 |In
segmentation tasks, the generator of a GAN is trained to take an input
image and create a mask that designates a class label for each pixel
in the image. One advantage of employing GANs for segmentation is
their capacity to generate high-resolution results with sharp details,
making them visually appealing.38! Introduced by Goodfellow et
al.138] GANs consist of two competing neural networks—a generator
that creates synthetic data and a discriminator that distinguishes real
from fake. In medical imaging, GANs are highly effective in image
reconstruction and enhancement. For instance, the conditional
filtered generative adversarial network (CFGAN) achieves high-
fidelity, multi-scale reconstruction with high peak signal-to-noise
ratio (PSNR), high structural similarity index measure (SSIM), and low
frechet inception distance (FID) scores.[387] Compared to other GAN-
based methods, its higher SSIM and lower FID values indicate
improved image quality and greater diversity. Wavelet-based GANs
enhance structural similarity and textural details, while generator—
discriminator frameworks help to mitigate hardware limitations and
motion artifacts.388 However, GANs still face limitations like over-
smoothing, mode collapse, high computational cost, limited clinical
validation, and inconsistent performance across datasets.

To overcome some of these limitations, diffusion models have
emerged as a powerful alternative. As proposed by Sohl-Dickstein et
al.38] diffusion models learn data distributions through a forward
process that incrementally adds noise and a reverse process that
reconstructs the original input. These models offer promising medical
image reconstruction and enhancement capabilities, with notable
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robustness in detail preservation. Discrete residual diffusion
mitigates over-smoothing and mode collapse seen in GANs, while
wavelet diffusion improves structural detail, aiding Alzheimer’s
diagnosis.3%] Mao et al.3% enhanced multi-contrast MRI using a
disentangled U-Net with squeeze-and-excitation modules and
curriculum learning. Wang et al.1392 propose the Hierarchical Feature
Extraction (HiFE) model for generating high-fidelity in-between slices,
improving segmentation accuracy. Additionally, Mirza et al.[3%3! and
Cao et al.3% demonstrate task adaptability by combining forward
and reverse diffusion for image upscaling and k-space acceleration.
The integration of diffusion models is driving a shift in medical
imaging toward more reliable, high-quality, and task-specific
solutions in healthcare. However, their practical use still faces
challenges, such as high computational demand, slow sampling rates,
limited generalization due to single-level wavelet transforms, phase
wrapping issues, and dependence on precise noise estimation.[3%]
Overall, Generative models, including GANs and diffusion models,
have advanced MRI by improving image resolution, reducing noise,
shortening scan times, and fixing gaps between slices. Combined
with other Al techniques, these improvements enhance diagnostic
accuracy, increase patient throughput, and help address MRI capacity
issues in healthcare.

Part quality/process optimization

Process optimization occurs when new materials or processes are
developed to improve 3D-printed surgical models.[3%] By adjusting
the process parameters, specific qualities can be achieved. A process-
structure-properties (PSP) relationship database for a particular AM
process and material helps in selecting the correct parameters
(temperature, layer thickness, etc.) based on the available
information.[3%] The high dimensionality of process parameters
makes the PSP relationship complex, hindering the development of a
ML facilitates the efficient
determination of ideal values for parameters like layer thickness,

governing mathematical formula.
print speed, and temperature, minimizing the reliance on manual
adjustments and decreasing material waste. Manually adjusting
parameters for the AM process may lack efficiency.[397-3%9] When
trained on data sets, ML models can predict optimal values for
parameters layer thickness, print speed,
temperature.[4%0 Moradi et al.[0% enhanced the performance of 3D
printing of PLA by analyzing thickness, toughness, and fabrication
time in dog bone samples. The parameters considered include
printing temperature, infill density, and layer thickness. They used
ANN and Artificial Neural Network—Genetic Algorithm (ANN-GA) to
predict the studied properties. ANN-GA achieved higher accuracy
than ANN, improving part thickness by 11.5%, toughness by 7.5%,
and production cost by 4.5%. The study highlighted that reducing
production costs is possible without compromising the desired

such as and

properties, with the interaction between layer thickness and infill
density being the most significant factor affecting part thickness.
Zhang et al.[*02l presented a novel data-driven predictive modelling
method to explore the structure-property relationship of carbon
fiber-reinforced polymers (CCFRPs) produced by FDM. The ensemble
learning-based model predicted the flexural modulus of CCFRP
specimens based on design factors like layer number, contours, and
infill pattern. It combined eight base learners: linear regression, least
absolute shrinkage, and selection operator, multivariate adaptive
regression splines, generalized additive model, k-nearest neighbours,
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Support Vector Machine, extra trees, and Xtreme Gradient Boosting.
The model accurately predicted flexural strength, achieving a
minimum root mean square error of 9.87%, minimum relative error
of 7.75%, and maximum R? of 96.99%.

In-situ monitoring for quality control

Using sensors for closed-loop feedback control in in-situ monitoring
can improve the consistency and reliability of 3D-printed parts.[403]
Identifying flaws during printing enables corrective actions, making it
easier to qualify components during the process. AM quality
monitoring research has primarily focused on two areas. The first
uses pyrometers and high-speed cameras to capture melt pool
temperature data, while the second analyses the workpiece using
optical cameras, near-infrared thermal CMOS cameras, photodiodes,
and x-ray phase-contrast imaging (XPCl) or x-ray CT. This allows the
identification of the defects at each stage. The presence of any flaws
in the construction process is subsequently deduced using these
metrics. ML algorithms have been applied using visual or sensor-
generated data. Gobert et al.l["%4 indicated that Image quality,
illumination, and the quantity of sensors or cameras are crucial
factors in enhancing the effectiveness of in-situ monitoring. Since
most in-situ monitoring relies on cameras to collect data on the
printing process, computer vision (CV) capabilities are crucial for fault
detection. In this regard, CNN is gaining significant attention
compared to the other ML techniques. For example, using the CNN
model, interlayer irregularities resulting from incorrect nozzle height
and calibration can be analyzed. A mounted camera was used to
monitor nozzle positions, categorized as Good, High, High+, and Low.
Their CNN model achieved 97.8% accuracy on test data and 91% on
validation data.

Al in Post printing

High material uniformity is essential in biomedical implants to ensure
structural integrity and compatibility with biological systems.[405]
Implant performance can be compromised by issues like porosity,
microcracks, or irregular distribution of the alloying elements,
potentially leading to harmful biological effects.[40¢! Al approaches
such as ML and deep learning have effectively detected material
inconsistencies. CNN has been applied to analyze X-ray and CT scan
data, allowing accurate detection of microstructural defects in
titanium and cobalt-chromium implants.[4%7) In addition, GANs have
been used to create ideal, flaw-free material structures that enhance
model training and improve defect identification accuracy. Beyond
defect detection, Al also assesses dimensional accuracy and fit. Tuker
et al. 108  performed tolerance verification to ensure that
stereolithography (SLA) dental guides accurately fit the mandible
through dimensional analysis using Al. Dimensional apertures of SLA-
produced dental guides were analyzed for the implant procedures,
and ANNs were used to classify results based on the design flexibility
offered by SLA. Using the Mimics program, a 3D anatomical model
was created from the patient-specific CBCT data, and three dental
guide designs were developed with 3-Matic. These guides and a
mandible model were produced using an SLA 3D printer, and
dimensional data were captured with a 3D scanner. 3D registration
between the mandible and dental guides determined the
dimensional aperture values. The dataset was analyzed using Jamovi
2.0.0 and ANNs. The results showed that the aperture values were
consistent, indicating a good fit with the mandible. Among the three
guide designs, Guide 3 provided the best fit. Integrating Al into post-
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printing helps accurately measure dimensions, improve the fit of
designs, and maintain consistency between printed parts. It also adds
automation to the process, making adopting personalized 3D-printed
solutions in clinical settings easier and faster.[3%7]

Al driven design optimization for surgical implants

Modern implant design aims to restore natural function while
minimizing complications from mechanical mismatch. In bone repair,
this mismatch often leads to stress shielding, where the high stiffness
of traditional implants reduces load transfer to surrounding bone,
impairing remodeling and causing tissue degeneration. The rising
incidence of complex fractures, often linked to osteoporosis and
aging populations, further exposes the limitations of standard bone
plates and highlights the need for patient-specific solutions. Additive
Manufacturing (AM), with its layer-by-layer fabrication process,
enables such customization through advanced methods like Topology
Optimization (TO) and Generative Design (GD). Xua et al. (409 created
patient-specific bone plates using topology optimization and
generative design methods, which were fabricated using Directed
Energy Deposition. The designs reduced the weight of the bone
plates significantly by 43.7 % and 44.2 % for the two generative
design versions, GD1 and GD2, and by 36 per cent for the topology
optimization version, TO1. These improvements were achieved while
also enhancing the strain performance of the implants.

However, physics-based approaches like TO and GD rely on
predefined objectives and assumptions, which may limit their ability
to address complex anatomical variability or fully personalized needs.
Variational autoencoders (VAEs) are generative models that can
bridge this gap by learning from large anatomical and mechanical
datasets to generate tailored implant geometries. 4101 For example,
the Swap Disentangled Variational Autoencoder (SD-VAE) can isolate
specific anatomical sub-units and assess their influence on the overall
shape, supporting precise diagnosis and surgical planning. Foti et al.
(4111 demonstrated how SD-VAE can analyze and generate 3D
craniofacial shapes in syndromic patients, simulate surgical outcomes,
and enhance clinical decision-making. Yet, relying on Al-generated
norms in planning raises ethical concerns, as the model's perception
of "normal" or "ideal" reflects biases within its training data.
Although the interpolations step helps reduce this effect, it cannot
eliminate such bias. Despite this, integrating Al with conventional
methods represents a step toward more personalized, adaptive, and
data-driven orthopedic treatments.

Digital Twin and Generative Al for enhancing surgical planning

3D/4D-printed models have improved surgical precision by offering
patient-specific anatomical replicas. These models help reduce
surgical time and enhance outcomes by allowing surgeons to practice
complex procedures and better understand intricate structures with
technological advancements.[4121 However, sometimes, these models
do not provide haptic feedback, such as kinesthetic (force) and
cutaneous (tactile) sensations, which are vital for surgeons during
procedures.l#13] Additionally, they offer limited real-time predictive
insights, making them less effective for immediate decision-making
during surgery. Unlike using only 3D/4D models, digital twins (DT) can
replicate dynamic processes and incorporate real-time data, enabling
continuous patient monitoring and predictive analysis.[#14 DT

Mater. Horiz



technology connects the physical and digital worlds, addressing the
limitations of AR/VR and 3D/4D-printed models. It enhances surgical
advancements by complementing physical models with virtual
replicas of patients or surgical environments, [415]

"Digital Twin-Guided Surgery (DTGS)" utilizes DT technology to
optimize perioperative processes, enhancing surgical training,
planning, precision, safety, and patient care.[1¢] The novelty of DTGS
lies in its real-time virtual model, which dynamically represents the
relationship between the organs (e.g., kidney, brain, eye) of the
patient, their physiological parameters (e.g., blood pressure, heart
rate, oxygen levels), and surgical actions (e.g., cutting, suturing,
ablation), providing a comprehensive view of the procedure. DTGS
begins with data collection from the physical twin, such as tissues,
organs, or surgical tools. This can occur before creating the virtual DT,
offline, or in real time during surgery.[417] Data is collected from
medical images (CT, MRI, X-ray, ultrasound), sensors, medical devices,
patient records, biomarkers, and lab tests. This data can be stored in
electronic databases, including cloud systems, ensuring access for
the 3D modelling team, clinicians, and hospital staff. Al analyzes the
data to construct the virtual model. Once the virtual model is created,
extended reality technologies improve visualization and interaction
and provide haptic feedback for the surgical team. Real-time data
acquisition and analysis provide the surgical team with live updates,
supporting informed intraoperative decision-making (Figure 16)!418],
For example, the DT offers real-time insights on optimal tissue-cutting
paths to minimize accidental damage while predicting blood flow
changes and potential blood loss, such as when a vessel is clamped
or an organ is partially severed. Although research has explored DT
applications, frameworks, and tools, a gap remains in automating
their development and updates, as the process is complex, time-
consuming, and heavily dependent on existing data.[1% Therefore,
the next stage of this advancement involves integrating GenAl.

GenAl, powered by deep learning, can enhance DT development by
generating data and refining models.[20] This approach improves
efficiency, accuracy, and reliability while streamlining the process. By
creating synthetic data that mirrors real-world patterns, GenAl
addresses data scarcity in surgical planning, enabling more
comprehensive testing of treatment outcomes.[*21] In clinical
applications, GenAl models learn from patient data, including vitals,
lab results, and diagnoses, to simulate future patient trajectories.
This predictive capability helps surgeons anticipate treatment
outcomes and optimize interventions during the surgery. Additionally,
automating tasks like data preprocessing and model initialization
accelerates development, making DT more efficient and cost-
effective.l*22 Qverall, Integrating GenAl into DT technology enhances
surgical precision, safety, and patient care while enabling telesurgery
and advancing training for both novice and experienced surgeons.
Therefore, implementing digital technologies in future surgery is

inevitable.!423

Challenges of Al in AM

Integrating Al into 3D and 4D printing holds great promise for
enhancing precision, efficiency, and customization. ML-based
computational models offer greater efficiency than traditional
physics-based simulations. Studies have shown that ML models can
predict the stress of a 3D printed component in about 0.47 seconds,
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while finite element models (FEM) take 5-10 hours.[424] Similarly,
CNN models operate in milliseconds, compared to minutes for FEM.
However, several challenges limit its full potential.[425] Despite the
speed advantages, the need for high-speed imaging and large
datasets increases computational demands and costs. Optimizing ML
models also raises these costs, making it challenging to balance
efficiency with cost-effectiveness in AM.[426] Another major hurdle in
using Al to predict material properties in 3D printing is the lack of
reliable data on new biomaterials. Many of these materials are still
under research, meaning there is insufficient data to train machine
learning models effectively. Applying advanced generative
techniques to produce synthetic posture data may effectively
addresses limitations caused by insufficient datasets in traditional Al
techniques. The generated synthetic data resemble real data in many
aspects. However, accurately assessing their quality remains
challenging without a clear benchmark dataset.!427]

Additionally, it is vital to note that GenAl has various limitations like
attribution issue.!28] The attribution problem in generative Al refers
to the difficulty in understanding and explaining how these models
reach their decisions, particularly in healthcare. These deep learning
models produce complex outputs, such as patient data and
treatment plans, but function as black boxes, making their decision
processes unclear. This lack of transparency can hide biases,
potentially worsening health disparities. It also raises ethical and
legal concerns, as it becomes hard to assign responsibility for
mistakes or harm. To tackle this, methods like attention mechanisms,
saliency maps, and post-hoc analysis are being explored to make Al
decisions more interpretable. Improving attribution enables
healthcare providers to better assess Al reliability and biases,
ensuring safer and more equitable use. Integrating Al into healthcare
requires smooth compatibility with electronic health records,
decision-support tools, and existing IT systems.[*24] For real-time
applications, Al must quickly process data using optimized algorithms
and reliable computing resources. At the same time, applying Al and
machine learning in additive manufacturing raises concerns about
data security, intellectual property, bias, transparency, and effects on
jobs. Addressing these challenges by protecting privacy, preventing
misuse, managing automation impacts, and improving cybersecurity
is essential for successful and widespread adoption.[429]

Several reviews in the literature highlight the contributions of AL and
ML to advancing various aspects of 3D and 4D printing, such as
monitoring, defect detection, and parameter control, reflecting a
significant rise in publications on Al applications in AM in recent years,
as shown in Figure 17a.13% The literature highlights the need to
integrate Al and ML in AM effectively. While Al and ML enhance
certain quality control aspects in AM and surgical planning, the
Robotic Automation Process creates a seamless system by combining
these technologies to improve the entire quality assurance process
from beginning to end.[*31 Al-driven AM improves surgical planning
by combining real-time diagnostics with patient history analysis while
optimizing the development and use of 3D and 4D printed
models.*321 By providing personalized surgical recommendations,
these systems ensure that printed models are designed to meet
needs of the patients. For example, suppose a patient with
cardiovascular conditions requires complex reconstruction using 3D-
printed implants. In that case, these advance technologies can
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analyze their medical history and imaging data to enhance implant
design and refine the surgical approach, reducing anesthesia-related
risks. This holistic approach ensures that surgical plans and printed
models are tailored to the patient's overall health, resulting in more
(Figure 17b).1431 These
developments emphasize the importance of incorporating Al in AM.
This integration is expected to lead to "5D printing," where Al acts as
the fifth dimension, enhancing the capabilities of 3D and 4D printing
in surgeries looking ahead (Figure 17c).[433] In the future, 5D printing
could play a key role in surgical planning by using Al to track real-time

precise and effective procedures
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Review

health changes, predict complications, and enhance precision in
patient-specific implants. This approach may also support robotic-
assisted surgeries and enable the development of advanced
prostheses for improved patient care.[43443]
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Overall, surgeons can create models that closely resemble
anatomical structures and biological functions of organs by
integrating 3D bioprinting, soft robotics, tissue engineering, and Al
with 3D and 4D printing (Figure 18).1101 This comprehensive
approach goes beyond traditional anatomical resemblance, providing
a more profound understanding of the intricate dynamics and
complexities of surgical procedures. Though this review integrates
some related studies, as shown in Table 6, it offers ample scope for
further discussion. Continued research and development in this field
could revolutionize surgical planning and training, leading to better
patient outcomes.
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Table 6. Dynamic AM models for surgical applications
Advanced dynamic 3D | Material Advantages References
model
Hand model TangoPlus and support-filled | Mimic human soft tissue has haptic properties | 352]

metamaterial

and elasticity, enabling realistic hand phantom

fabrication.

Cadaveric plantar fat

TangoPlus  (FLX930) and

support-filled metamaterial

Create nonlinear material from linear base | [353]

material to mimic human soft tissue

4D printed surgical guide

for laparoscopic surgery

Shape memory polymer resin

Self-expanding 4DP-KSG showed accurate and | [360]

consistent targeting of kidney tumors.
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4D-printed surgical gripper | Photo-curable methacrylate

Multimaterial grippers that have the potential | 13611

to function as microgrippers that can grab

objects

Endoluminal cylindrical | Methacrylated

stents polycaprolactone

The personalized stent matched the arcade | 362

structure and cartilaginous rings, reducing
migration, a common cause of tracheal stent

failure.

Bifurcated stents Polyurethane

The 4D-printed stent stays in a temporary | [363]

shape to pass through the central vessel and

returns to its "Y" shape at the target vessel.

5 Conclusion and Outlook

Additive manufacturing holds an enormous premise for patient-
tailored surgical planning and the evolution of clinical tools. Pre-
operative and intra-operative disease evaluation can be done with
the help of 3D-printed, tangible anatomical models. Mock surgeries
often allow the less experienced surgeons to eliminate the risk
associated with their lack of first-hand experience during the surgery.
The use of patient-specific 3D models in complex surgeries in cardiac,
orthopedic, dentistry, cerebral, and gynecologic tissues has been
demonstrated. The utilization of metamaterials in surgical models
shows significant potential in enhancing haptic feedback. These 3D
patient-specific models allow better pre-operative planning, intra-
operative performance, surgeon expertise, and patient outcomes
such as shorter surgery time and less intra-operative blood loss.
However, it is necessary to transform conventional static 3D models
into dynamic or beating models that closely resemble the biological
functions of real organs, aiming for a high degree of similarity. 4D
printing allows for the creation of structures that can change shape,
behaviour, or function over time, opening new possibilities for
dynamic and adaptive design in various fields. In accordance with the
discussions in this review, the intersection of Artificial intelligence
and 3D and 4D printing for surgical planning models is on the cusp of
a game-changing transition. The convergence of these advanced
technologies offers significant opportunities to enhance sustainable
and environmentally friendly manufacturing processes for surgical
models. Concerning future perspectives in this field, autonomous in-
hospital biofabrication hubs represent a transformative direction for
surgical planning. These advanced self-contained units within
healthcare settings enable the on-demand fabrication of patient-
specific biological constructs or implants. They integrate additive
manufacturing technologies such as bioprinting and multi-material
3D printing with robotics, artificial intelligence (Al), and real-time
imaging systems, allowing precise and personalized devices to be
produced directly at the point of care. The process begins with Al-
based segmentation of imaging data such as CT or MRI scans to

generate three-dimensional models tailored to the patient's anatomy.

Once the design is finalized, automated 3D printers fabricate the
surgical models using biocompatible materials, including polymers,
hydrogels, or living cells, with minimal human intervention. 436
Advancing these capabilities further, emerging innovations point
towards developing nano cyborgs (miniaturized intelligent implants)
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that extend beyond static structural roles.*37] Fabricated using
advanced 3D and 4D printing with multi-material and metamaterial
strategies, these implants would autonomously navigate within the
body, interact with the biological environment, and integrate
seamlessly at the cellular level. They could deliver targeted therapies,
support tissue repair in real-time, or provide continuous
intraoperative diagnostics, significantly enhancing precision in
complex surgical procedures. Apart from these smart patient-specific
implants, these hubs can rapidly produce surgical guides, tissue
scaffolds, and potentially bioprinted organs, each optimized for
clinical use. Al-driven real-time monitoring ensures accuracy,
material consistency, and sterility.*38] At the same time, automated
quality control checks validate the integrity of each construct before
surgical application. Seamless integration within the hospital
workflow enables sterilization and direct delivery to the surgical team,
significantly reducing waiting times and enhancing procedural
accuracy. However, addressing manufacturing challenges, defining
regulatory pathways, and further research and development are key
to realizing the potential of additive manufacturing in surgery.
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