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ABSTRACT

Advancements in additive manufacturing have driven the emergence of 3D bioprinting, a technique first
developed for biomedical applications that is now gaining traction in forensic science. This technology enables
the creation of anatomically accurate tissues and organ replicas, offering new possibilities in biological
reconstruction, trauma analysis, and evidence modeling. By enhancing accuracy, reproducibility, and visual
representation, 3D bioprinting is transforming forensic investigations and courtroom presentations. This review
explores the integration of 3D bioprinting into forensic science, highlighting applications, benefits, limitations,
and future prospects in forensic pathology, crime scene reconstruction, facial approximation, and legal
proceedings. A systematic review of literature published between 2015 and 2024 was conducted using PubMed,
Scopus, and Google Scholar. Keywords such as “3D bioprinting,” “forensic reconstruction,” “bio-ink,” and
“trauma modeling” guided the search. Selected studies were evaluated based on technological approaches,
forensic applications, and reported outcomes. Findings reveal that 3D bioprinting shows significant promise in
replicating soft tissue injuries, reconstructing skeletal trauma, and aiding facial identification. Printed models
demonstrate high fidelity in reproducing wound patterns and anatomical structures, thereby supporting forensic
analysis and strengthening the clarity of evidence presented in legal contexts. Nonetheless, challenges persist,
including limited material realism, high production costs, and a lack of standardized protocols. Addressing these
limitations through interdisciplinary collaboration and targeted research is essential for broader adoption. Overall,
3D bioprinting represents a transformative innovation with the potential to improve investigative precision, legal
transparency, and forensic education.
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INTRODUCTION biological architectures °,  enabling accurate

. . L replication of anatomical structures.
Forensic science, a cornerstone of modern criminal

investigations, has transformed from basic
fingerprinting and blood typing to advanced genetic
profiling and digital trace analyses . As technology
continues to converge with science, forensic
methodologies are increasingly refined to deliver

The forensic potential of 3D bioprinting has become
increasingly evident . When integrated with digital
scanning, Al, and forensic pathology, it offers a
powerful tool for reconstructing biological evidence
with unparalleled precision 7. Unlike traditional

higher precision and reproducibility. Among the most
transformative innovations in this field is 3D
bioprinting, a multidisciplinary technology initially
developed for regenerative medicine, which is now
being applied in forensic identification, trauma
reconstruction, wound pattern analysis, and crime
scene re-enactment . The process involves layer-by-
layer fabrication of biological tissues using computer-
aided design (CAD) and additive manufacturing
principles * By employing bio-inks composed of
cells, biomaterials, and growth factors, researchers
can generate tissue analogs that closely mimic natural
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methods that rely on two-dimensional imaging, CT
scans, or plastic molds, bio-printed tissues provide
three-dimensional, tactile models that faithfully
represent the complexity and dynamic nature of
wounds and trauma patterns 8, °. This capability is
critical in assessing blunt force trauma, stab wounds,
gunshot injuries, and decomposed or skeletal remains,
allowing forensic experts to determine wound
trajectories, weapon characteristics, and timing of
injuries with enhanced accuracy °.

In addition, bio-printed models facilitate standardized
replication of forensic scenarios, which is essential for
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courtroom demonstrations, cross-examinations, and
the training of forensic professionals . Investigators
can perform repeated analyses, run simulations, and
present anatomically correct evidence to juries,
reducing subjective interpretation and enhancing the
objectivity of forensic testimony . Facial
reconstruction is another area where 3D bioprinting
shows significant promise. For cases involving
unidentified remains, especially where decomposition
or trauma has obliterated facial features, traditional
anthropological or morphological approximation
techniques are limited by artistic interpretation ', '2.
In contrast, 3D bioprinting, supported by craniofacial
databases and Al-driven anatomical modeling, allows
for life-like, accurate reconstructions that assist
identification and provide respectful, realistic
representations for families and law enforcement .

Furthermore, 3D bioprinting supports forensic
entomology and pathology research, particularly in
studying decomposition, insect colonization, and
microbial succession. Bio-printed tissue analogs offer
consistent and ethical alternatives to cadaver-based
experiments, providing repeatable data that
strengthens the scientific foundation for time-of-death
estimations '4. Overall, the evolution of 3D bioprinting
heralds a new era in forensic science, enabling precise,
reproducible, and interactive reconstruction of
injuries, evidence presentation, and crime scene
simulations. Future applications may allow juries and
investigators to engage with anatomically accurate
models, assess virtual reconstructions derived from
bio-printed evidence, and gain scientifically enhanced
insights into criminal events.

Fundamental principles

3D bioprinting employs bio-inks is a mixture of living
cells and supportive biocompatible materials used to
create tissue-like architectures. These structures are
printed following digital designs derived from
medical imaging data, such as CT, MRI, or 3D surface
scans '°. The general workflow involves: digital
modeling using CAD or imaging software, selection
or formulation of bio-inks tailored to replicate specific
tissue types. layer-by-layer deposition through
specialized bioprinters and post-processing, which
may include cross-linking, incubation, or maturation
in bioreactors to stabilize and preserve the printed
structure.

Key components of 3D bioprinting

Bio-ink: This consists of living cells (e.g., skin,
muscle, endothelial), hydrogels or biomaterials like
alginate, gelatin, collagen, or fibrin, and Growth
factors and signaling molecules. In the case of
forensic, bio-inks can be cell-laden or acellular,
depending on whether the goal is to replicate
appearance, structure, or biological behavior '°,
Bioprinting devices: These are specialized printers
designed to handle delicate bio-inks, such as inkjet
bioprinting, extrusion bioprinting, and laser-assisted
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bioprinting. Inkjet bioprinting uses thermal or
piezoelectric actuation to deposit small droplets. Ideal
for low-viscosity materials and high-resolution
applications (Fig 1). Extrusion bioprinting dispenses
continuous strands of bio-ink through a nozzle under
pneumatic or mechanical pressure. Suitable for
viscous inks and larger tissue constructs (Fig 2).
Laser-assisted bioprinting (LAB) utilizes laser pulses
to transfer bio-ink from a donor slide to a receiving
substrate. Offers high precision but is cost-intensive

(Fig 3).
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Fig 3: Laser-assisted bioprinting (LAB) *°

Software and modeling: These are digital designs
essential for guiding the printing process, thereby
allowing the integration of forensic data, such as
wound morphology or bone structures that could aid
in case-specific customization. They often come from
3D imaging data of human tissues, CAD software for
custom structure modeling, and simulation platforms
for predicting material behavior and print feasibility 2°

Bioprinting process workflow

Imaging and data collection: 3D bioprinting begins
with accurate anatomical data. In forensic contexts,
this may include CT/MRI scans of cadavers or skeletal
remains, high-resolution 3D surface scans, and
photogrammetry for facial reconstruction 2.,
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Design and slicing: Once a model is created, it is
“sliced” into layers for the printer to interpret. It is at
this stage that parameters such as layer thickness, print
speed, cell density, and material composition are
defined 2. Printing: The bio-ink is loaded into the bio
printer, and the deposition begins, following the sliced
digital model. Conditions such as temperature,
humidity, and print bed configuration are carefully
controlled to preserve cell viability and structural
fidelity 2!. Post-processing: Depending on the
application, the printed construct may require cross-
linking with UV light or chemical agents to stabilize
the material, biological maturation in a bioreactor to
support cell growth, and sterilization or fixation for
non-living models used in forensic demonstrations 2.

Differences between 3D bio printing and
traditional 3D printing

While both share the principle of additive
manufacturing, 3D bioprinting differs from
traditional 3D printing in several critical ways,
highlighted in Table 1.

Table 1. Comparison of traditional 3D printing and
3D bioprinting technologies >’

Aspect Traditional 3D
3D Printing  Bioprinting
Material Plastics, Bio-inks (cells
metals, resins =+ hydrogels)
Application Prototyping, = Biomedical,
industry forensic,
clinical
Environmental = Often Precise control
control minimal of  humidity,
temperature
Structural High forrigid Balancing
fidelity materials printability
and viability
Post-processing  Curing, Cross-linking,
polishing cell incubation

Applications of 3D bioprinting in forensics

The integration of 3D bioprinting into forensic science
is transforming traditional methodologies by
providing advanced tools for reconstructing biological
evidence, analyzing injuries, and recreating crime
scenes with remarkable accuracy. The capacity to
fabricate lifelike anatomical structures using bio-inks
and digital modeling has opened new opportunities
across multiple forensic disciplines, offering both
scientific precision and practical value in legal
contexts .

1. Trauma and wound pattern analysis

One of the most promising applications of 3D
bioprinting is the reconstruction of wounds and
trauma patterns. Conventional methods such as
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radiographs, physical examinations, and clay
modeling often fail to capture the spatial resolution or
biomechanical characteristics necessary to fully
explain injury mechanisms. With bioprinting,
synthetic yet anatomically accurate skin and muscle
analogs can be fabricated and then subjected to
controlled simulations of stab wounds, gunshots, or
blunt force impacts. Such models allow investigators
to identify weapon types, distinguish entry from exit
wounds, and analyze the depth, angle, and trajectory
of injuries. Beyond examination, these reconstructions
can also be presented as demonstrative evidence in
court, where their lifelike accuracy strengthens
forensic testimony 34,

2. Crime scene and evidence reconstruction

The recreation of forensic scenarios has traditionally
relied on static images, diagrams, or incomplete
remains, which often leave critical gaps. Bioprinting
enables the reconstruction of missing or damaged
body parts, replication of internal injuries, and
generation of scalable models that bring the crime
scene closer to reality while preserving original
evidence for archival purposes. For instance, skull
fragments can be scanned and reproduced to study
cranial trauma, soft tissues can be bioprinted onto
skeletal remains to visualize injury progression or
decay, and bite mark or tissue replicas can be directly
compared with suspects’ anatomical features. These
capabilities not only improve accuracy but also
enhance repeatability in forensic analyses 2.

3. Facial reconstruction and human identification

Human identification represents another domain
where bioprinting has significant value. CT scans or
photogrammetry can produce digital skull models that
are combined with demographic soft tissue estimates
before being translated into three-dimensional facial
approximations. Unlike traditional reconstructions
that depend heavily on artistic skill, bioprinted models
incorporate skin tone, texture, and anatomical fidelity,
reducing subjectivity and improving reproducibility.
This technology supports investigative identification
and can be used for public appeals in missing person
cases by providing family members and law
enforcement  with  realistic and  respectful
representations of the deceased *.

4. Forensic pathology and entomology

In forensic pathology, 3D bioprinting supports the
study of decomposition and biological interactions by
providing reproducible tissue models. These
constructs allow controlled investigation of tissue
degradation, microbial succession, and insect
colonization, which are crucial for estimating the
postmortem interval. Bioprinted models eliminate the
ethical and logistical challenges associated with
cadaver use while offering consistency across
experiments. Moreover, printed organs can be used to
replicate internal trauma, hemorrhage, or surgical

34
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incisions, enabling pathologists to examine complex
cases that would otherwise be difficult to reproduce .

5. Forensic education and training

The educational value of bioprinting is also
significant. Cadavers are limited in availability and
governed by strict ethical regulations, whereas
bioprinted anatomical models provide safe,
customizable, and reusable alternatives. These models
can demonstrate a wide spectrum of forensic
conditions, including trauma patterns, internal organ
damage, and developmental variations such as
pediatric or geriatric anatomy. They allow students to
practice dissections, analyze wound patterns, and even
simulate autopsies with a degree of realism that virtual
methods cannot achieve. Additionally, mock
courtroom demonstrations using bioprinted replicas
give jurors and legal professionals a tactile and visual
means of engaging with forensic findings 4.

6. Tool mark and impression analysis

In the analysis of tool marks and impressions, 3D
bioprinting allows the reproduction of weapon- or
instrument-related patterns on bones, skin, or tissue
substitutes. These replicas help forensic analysts
compare marks created by different tools, assess
variations in force and angle of application, and
preserve original evidence by substituting printed
surrogates for repeated testing. This strengthens the
chain of custody while ensuring that critical
comparisons remain possible throughout the legal
process .

7. Biometric modeling and behavior simulation

Emerging frontiers in Dbioprinting include the
integration of sensors into printed tissues, enabling
dynamic simulations of physiological responses such
as bleeding, bruising, or thermal injury. These
responsive models allow forensic scientists to study
injury progression over time, providing insights into
the timing of trauma, differentiation between vital and
postmortem injuries, and even the potential
survivability of wounds under specific conditions.
This capability extends forensic inquiry beyond static
evidence, opening possibilities for time-sensitive
reconstructions of violent events 2.

Technological challenges of 3D bioprinting in
forensics

While the promise of 3D bioprinting in forensic
science is undeniable, its implementation is
accompanied by several technological and operational
hurdles. These challenges span across hardware
performance, material  limitations, biological
accuracy, workflow integration, and economic
feasibility, essential for the successful, reliable, and
widespread adoption of 3D bioprinting technologies
within forensic investigations and laboratories 7> 27 28,
These challenges include:

1. Printer resolution and structural fidelity

Journal of Anatomical Sciences 2026 VVolume 17 No. 1

35

A major technical limitation in 3D bioprinting is
resolution, which refers to the printer’s ability to
accurately deposit materials at a micro-scale. While
extrusion-based printers offer good speed and
compatibility with viscous bio-inks, they tend to
produce lower-resolution prints compared to laser-
assisted or inkjet systems ?’. In forensic applications
such as wound pattern replication or tissue modeling,
high-resolution outputs are critical to capture minute
anatomical details such as skin laceration margins,
vascular patterns, and fracture lines on bone models.
Low-fidelity prints risk misinterpretation of injury
mechanics, reducing the evidentiary value of
bioprinted models in court 7.

2. Material limitations and bio-ink constraints

Creating a realistic biological model requires bio-inks
that mimic the mechanical and visual properties of
human tissues such as skin, cartilage, muscle, and
bone. However, the development of such
multifunctional and tissue-specific bio-inks remains
an ongoing challenge 2%. Soft hydrogels, for example,
often lack structural integrity and may collapse under
their own weight in complex constructs. Many bio-
inks also lack pigmentation or realistic texture, which
limits their usefulness for visual interpretation. In
addition, certain bioprinters are incompatible with
multi-material printing, preventing the simultaneous
use of diverse materials needed for complex models.
These constraints reduce the authenticity of forensic
simulations, particularly in applications such as facial
reconstruction or wound trajectory modeling, where
accuracy of color, elasticity, and texture is essential 28

3. Lack of standardization and validation protocols

Unlike established forensic techniques such as DNA
profiling or fingerprint analysis, 3D bioprinting lacks
universally accepted standards and validated protocols
for evidence handling, analysis, and courtroom
presentation ' 2. This includes the absence of
uniform calibration metrics for different printers, no
standard method to evaluate bioprint model accuracy,
and inconsistent reporting of print settings or model
fidelity. The lack of wvalidation undermines
reproducibility and legal admissibility, raising
concerns over the credibility of bioprinted evidence in
judicial processes 7.

4. Data integration and processing challenges

The bioprinting process relies heavily on high-
resolution imaging data, such as CT or MRI scans,
which must be converted into printable 3D models.
This step, known as image segmentation and
modeling, presents several issues such as time-
consuming data cleaning and conversion processes,
the need for skilled personnel to handle digital
modeling software, and the potential for data loss or
distortion during file conversion or slicing. In forensic
contexts where accuracy and timelines are critical,
these data processing issues can create operational
bottlenecks and reduce overall reliability 7.
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5. Workflow integration and cross-disciplinary
coordination

Successful deployment of bioprinting in forensics
requires interdisciplinary coordination between
forensic scientists, biomedical engineers, computer
modelers, and legal experts. This integration is often
hindered by the lack of trained personnel familiar with
both forensic science and bioprinting technologies,
communication gaps between legal, technical, and
scientific teams, and difficulty embedding bioprinting
into existing forensic workflows, especially in public-
sector laboratories with rigid structures ?’. Forensic
teams must also learn to operate and maintain
specialized equipment, handle bio-inks, and interpret
bioprinted results, all of which require new training
protocols and certification standards #.

6. Cost and accessibility

3D bioprinting remains an expensive and resource-
intensive technology. In developing regions or
underfunded jurisdictions, these costs may be
prohibitive, hindering broad implementation 2.
Proprietary bio-inks and hardware also limit
scalability and customization. Major cost factors
include the high initial investment in bioprinters,
recurring costs for bio-inks and printer maintenance,
and the need for controlled environments such as
humidity and temperature control to ensure print
quality 7.

7. Biological degradation and model lifespan

When using live cell-based bio-inks or complex
biomimetic materials, the printed structures may
degrade over time or require special storage
conditions. This can be problematic in forensic
investigations, where evidence must be preserved
long-term and potentially re-examined months or
years later. Concerns include loss of model integrity
due to dehydration or microbial contamination, color
fading or material hardening, which alters the model’s
appearance, and difficulty preserving bioprinted
models for archival or re-use. Solutions such as post-
print fixation or 3D scanning of the printed model can
help retain information, but they may compromise the
tactile or visual realism that makes bioprinting so
useful in the first place 7.

Future perspectives

1. Regenerative medicine and organ
transplantation

Future bioprinters may fabricate fully functional
artificial organs, including kidneys and hearts, tailored
to individual patients, which could drastically reduce
transplant waiting times and rejection rates °.
Engineered patches for repairing damaged heart
muscle, spinal cord, or skin wounds are already under
exploration, while advances in microvascular printing
are expected to support the creation of more complex
and viable constructs '
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2. Personalized and precision medicine

Patient-specific implants: Using a patient’s own cells,
bioprinters can produce custom tissue implants that
perfectly match anatomy and immune compatibility
22, On-demand bioprinting: Hospitals may develop
"organ farms" or bioprinting units for emergency
regenerative applications 2°.

3. Drug development and testing

Bioprinted tissue models: 3D-bioprinted human
tissues offer better in vitro models for drug testing,
toxicity screening, and disease modeling compared to
traditional 2D cell cultures or animal testing 2!. Faster
trials: Custom tissue environments may allow more
rapid and ethical clinical testing of new compounds 22.

4. Disease modeling and research

Organoids and disease simulation: Bioprinting allows
creation of miniaturized organs (organoids) to study
disease mechanisms like cancer metastasis or
neurological disorders in a controlled lab setting 6.
Human-on-a-chip systems: Combining bioprinted
tissues into microfluidic devices may simulate whole-
body responses for biomedical research 2!,

5. Cosmetic and reconstructive surgery

Skin and cartilage printing: Bioprinted skin grafts for
burn victims and cartilage structures (e.g., ear, nose)
for reconstructive surgery are under clinical testing '°.
Aesthetic applications: The cosmetic industry may
adopt 3D bioprinting for skin regeneration and anti-
aging products 22,

6. Space medicine

Bioprinters on the International Space Station (ISS)
(Zero-Gravity Bioprinting) are being tested for
producing tissues in zero gravity, paving the way for
long-term space travel and extraterrestrial medical
support 8.

CONCLUSION

3D bioprinting analysis technologies represent a
significant advancement in forensic science, offering
novel  approaches for the  reconstruction,
interpretation, and presentation of biological
evidence. Although further work is needed to establish
standardization, accessibility, and validation, these
technologies have the potential to enhance the
accuracy, reproducibility, and ethical application of
forensic practices.
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