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Forensic anthropology has become crucial for global cases involving firearm-related injuries. Although skeletal
evidence is valuable, its presentation in court may re-traumatise families or bias reactions, influencing the
verdict. To mitigate these risks, the adoption of 3D printing technologies in court has increased, allowing the
handling of human remains without the drawbacks of presenting biological evidence. This study aimed to
validate 3D-printed skeletal technologies as alternatives for courtroom evidence, focusing on cranial bullet de-
fects through 3D topographical analysis and investigating the accuracy of 3D-printed skeletal models. Samples
were scanned using micro-focus X-ray computed tomography; their 3D meshes were generated, 3D printed using
powder Selective Laser Sintering, resin Stereolithography, and polylactic acid (PLA) filament Fused Deposition
Modelling technologies, and scanned again. The reference and 3D print meshes were aligned, and a colour map
allowed visual inspection of morphological discrepancies of up to 1 mm (0 mm shown in blue, 1 mm in red).
Powder-based prints exhibited the highest accuracy for representing crania, predominantly coloured dark blue (0
mm). PLA filament prints were accurate for examining smaller cranial surfaces (mostly 0 mm), whereas resin
prints were the least accurate for crania (mostly 0.5-1 mm). 3D-printed skeletal material can be utilised in legal
settings with a colour map elucidating discrepancies. While powder-based prints are preferred, other materials
may better suit specific applications. Further research should evaluate the impact of 3D prints on judicial
decision-making and refine 3D printing techniques for forensic anthropology.

1. Introduction presentation [2]. Such inadvertent damage to bone could also introduce
bias, potentially leading to a misinterpretation of evidence. Addition-
ally, demonstrative skeletal evidence, such as graphic images or the

actual bone, could negatively influence jurors and judges and could

Approximately 85 % of global firearms are held by civilians, signif-
icantly heightening the risk of firearm-related homicides worldwide [1].

Forensic scientists, such as ballistic experts, forensic pathologists, and
forensic anthropologists, need to explain to a judge or a jury their
findings related to the interpretation of ballistic injuries to soft tissue,
bone, and/or inanimate material surrounding a body. In many instances,
this may include the use of a 3D model of a bone(s) or a replica of a crime
scene.

Presenting the original bone with traumatic injury in a courtroom or
classroom poses several challenges. Students might inadvertently dam-
age skeletal material during handling or feel apprehensive about
working with it, especially when they understand that the bones were
associated with violent crimes. In the courtroom, the bone may be
compromised or damaged during transportation, handling, or
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create bias against the defendant [3]. The explicit nature of a crime
scene or the display of skeletal elements in court may also cause
emotional distress for the victim’s family and other participants [4].
Three-dimensional prints have the potential to overcome these by
providing visually intuitive, detailed, and accurate representations of
evidence, enhancing understanding in both courtrooms and teaching
environments. Advances in technology have made 3D bone models
increasingly accessible and potentially useful as transformative tools for
explaining and interpreting forensic findings, such as bone trauma [5,6].
However, questions remain about how accurately these models can
replicate real bones and skeletal trauma. When validated, 3D models
and prints could address critical gaps in forensic science education and
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practice by providing accessible, standardised representations of bone
trauma. Their potential extends to courtrooms and classrooms, where
they can serve as valuable tools to clarify complex findings for
non-specialists [4,7].

Research highlights the advantages of 3D-printed models in
improving information retention and maintaining attention in legal
settings, leading to more objective and informed decision-making as
these models are also more comprehensible and less emotionally
charged than other forms of evidence presentation [5,4,7]. For instance,
3D-printed skeletal models can replicate original bones while allowing
modifications in colour and size to reduce their human-like appearance,
thereby minimising bias by decreasing the emotional effect on the
involved parties and preserving the integrity of the evidence [8,9].
While 3D-printed skeletal materials have been successfully used in
courts in England and Wales for cases involving cranial wounds and
dismemberments [10], their application in other regions remains largely
unexplored.

The use of 3D prints can enhance visual understanding of injuries,
offering a valid and effective tool for both courtroom presentations and
educational purposes [11,4,7]. However, research is required to assess
the accuracy of these models compared to the original bones they
replicate. Understanding the accuracy of 3D prints to the original ma-
terial is crucial for ensuring their reliability in forensic contexts and
education. The purpose of this research is to validate, with the use of
distance colour map analysis, the use of 3D-printed gunshot wounds in
skulls and crania as a reliable alternative to the actual bone.

2. Materials and methods
2.1. Samples and ethical approval

The samples were selected from the forensic archives of the
Department of Anatomy at the University of Pretoria, South Africa.
These archives include a total of 720 analysed cold cases, including 250
females and 449 males, among which 25 cases exhibit gunshot wounds
(GSW) or projectile trauma. The study sample consisted of three com-
plete skulls and two complete crania with single or multiple GSW, and
two cranial sections with entry defects (Table 1). All cases have been
anonymised. Ethical approval was granted by the Human Research
Ethics Committee (HREC) of the Faculty of Health Sciences at the Uni-
versity of Pretoria and by the forensic archives of the Department of
Anatomy at the University of Pretoria (200/2024).

2.2. Acquisition and reconstruction of scans

The original skulls, crania, and cranial sections, along with their 3D

Table 1

Samples used in this study, including the resolution used for the Micro X-ray
Computed Tomography (Micro-XCT) scans and prints and during the segmen-
tation of the scans. The list also includes the material(s) used for the sample
prints: Powder, Resin, or Polylactic Acid (PLA) filament.

Sample Skeletal element Resolution Printing
name (mm) material
CS-01 Cranium (occipital 0.055 PLA filament
section)
CS-02 Cranium (occipital 0.061 PLA filament
section)
SK-01 Skull 0.119 Powder
PLA filament
Resin
CR-01 Cranium 0.108 Powder
Resin
SK-02 Skull 0.127 Powder
PLA filament
SK-03 Skull 0.100 Powder
CR-02 Cranium 0.119 PLA filament
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prints, were scanned at the South African Nuclear Energy Corporation
(NECSA) using a Nikon XTH 225 L microfocus X-ray Computer To-
mography (micro-XCT) system (Nikon Metrology), which was used due
to its higher accuracy compared to other scanning technologies such as
Computer Tomography or Magnetic Resonance Imaging, making it ideal
for forensic 3D models [12]. This system operates within a 30 to 225 kV
voltage range and a beam current range from 0 to 1 mA, with a
maximum power capacity of 30 W. The X-ray tube has a spot size be-
tween 0.001 and 0.003 mm. For the scanning process, the beam energy
was set to 100 kV and the beam current to 100 pA, as configured using
the Inspect-X software (Nikon Metrology). The scanning resolution
(effective pixel size) for the 3D prints was adjusted to match that of the
original specimens based on visual assessment. During the scanning
procedure, the samples were secured on a sample manipulator within
the micro-focus X-ray chamber to ensure stability and prevent
movement.

The resulting scans were processed in CT Pro 3D software (version
XT 4.4.3) (Nikon Metrology), where they were adjusted in the x, y, and z
planes to facilitate 3D modelling. During the reconstruction process,
noise was filtered out and image quality was enhanced. These image
stacks were saved in .tiff format for further processing. This raw data file
was imported into visualisation software for subsequent segmentation.

2.3. 3D printing technology

This study utilised three 3D printing technologies. The first was
Fused Deposition Modelling (FDM) using Polylactic Acid (PLA) filament,
which involves the fusion of filaments added layer by layer according to
the 3D model [13].

The second technology employed was Stereolithography (SLA) 3D
printing using liquid resin (Formlabs White V4 photopolymer resin), a
form of vat polymerisation. This process cures selective areas within a
vat of liquid resin using UV light. During resin printing, the platform
ascends after each layer is cured, whereas in PLA filament printing, the
platform remains stationary, and the nozzle ascends instead. Once a
resin print is complete, it must undergo additional curing in a UV
chamber to finalise the process [8].

The final technology used was Selective Laser Sintering (SLS)
through powder bed fusion. This technique fuses metal powders using a
laser [8]. Both PLA filament and resin prints require supports to stabilise
certain areas of the print, such as overhangs and bridges, which must be
manually removed after printing and, in the case of resin prints,
post-curing [8,14]. In contrast, powder printing does not require sup-
port, as the surrounding powder provides sufficient stability during the
process.

The resolution of these printers can vary. Specifically, SLA printers
can produce walls as thin as 0.2 mm, thinner than FDM printers (0.8
mm) and SLS printers (0.3 mm for horizontal structures). Regarding the
duration of the printing process, FDM printers typically take the longest,
followed by SLS printers and SLA printers. Cost-wise, SLS prints tend to
be the most expensive to obtain, followed by SLA prints, with FDM prints
being the least costly when considering the overall costs of printers and
materials used [15].

2.4. Image segmentation

The obtained scans were first adjusted for contrast and brightness
using ImageJ software [16], processing them as image sequences.
Following this, the scans were imported into Amira-Avizo 2019.3 soft-
ware (Thermo Fisher Scientific, Inc.) for further processing and 3D
model generation. The segmentation process enabled the extraction of
skeletal areas by segmenting between the bone (referred to as “Bone™)
and the surrounding area (referred to as “Air”) based on their intensity
differences (grey levels). The “Air” was removed to isolate and model
the “Bone” effectively. The Edit New Label Field module was used to
manually set segmentation thresholds, employing the “Half Maximum
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Height” (HMH) quantitative iterative thresholding approach [17]. After
refining the 3D model and removing noise, the surface was extracted and
saved in both .ply and .stl formats. Manual adjustments finalised the
segmentation, and the 3D models of the bones were generated and
exported in .stl format. In this paper, the 3D model created from the
original bone scan is referred to as the reference mesh, while the 3D
model(s) produced from the scan(s) of subsequent print(s) are referred
to as the 3D print mesh(es).

2.5. Alignment

The reference meshes and their 3D print meshes were aligned using
MeVisLab (version 2.7.1) software (MeVis Medical Solutions AG) using
six manually placed anatomical landmarks on the reference meshes to
ensure accurate positioning within the same 3D space as the 3D print
meshes. These landmarks included the auricularia, the glabella, the
rhinion, the nasospinale, and the alveolare (Table 2).

When aligning the cranial section meshes, six landmarks were placed
in identifiable areas chosen during the analysis, such as on the edges of
the defect and of the sections.

The initialisation procedure was performed using the WEMMarker-
Initialization module in MeVisLab (version 2.7.1) (MeVis Medical So-
lutions AG), which involved rotating and translating the surfaces to
bring them into close proximity with each other. This procedure aligns
the surfaces into a common coordinate system by repositioning the
floating surface into the coordinate space of the target surface through
affine transformations. For this study, initialisation was manually
executed by placing the abovementioned anatomical landmarks on both
floating (3D print mesh) and target (reference mesh) surfaces. This
manual landmark-based approach enabled interactive rotation and
translation, ensuring accurate initial alignment. The quality of the
subsequent non-rigid surface registration used for topographical colour
map analysis depended on the precision of this initial alignment
procedure.

2.6. Topographical analysis using non-rigid registration and colour
mapping

To enable the visualisation of geometric discrepancies, 3D re-
constructions of the reference meshes and their corresponding 3D print
meshes were loaded on Amira-Avizo 2019.3 software (Thermo Fisher

Table 2
Landmarks used in this study, including their definitions and placement order
[18].

Landmark Definition Placement
type order

Landmark

Auriculare Bilateral On the zygomatic root, vertically 1 (right), 2
above the centre of the external (left)
auditory meatus.

Most projecting anterior median 3
point on lower edge of the frontal

bone, on the brow ridge, in between

the superciliary.

Most rostral (end) point on the 4
internasal suture. Cannot be

determined accurately if nasal bones

are broken distally.

The point where a line drawn 5
between the inferior most points of

the nasal aperture crosses the

median plane. Note that this point is

not necessarily at the tip of the nasal
spine.

Median point at the inferior tip of 6
the bony septum between the upper
central incisors. Equivalent to
Infradentale superius.

Glabella Medial

Medial

Rhinion

Nasospinale =~ Medial

Alveolare Medial
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Scientific, Inc.) for non-rigid surface registration and alignment within a
common coordinate system. Non-rigid registration aligns the reference
and 3D print meshes by permitting local deformations, allowing a more
precise alignment of morphological features. This was performed using
the Geometric Transform module in Amira-Avizo 2019.3 (Thermo Fisher
Scientific, Inc.) and selecting the option “rigid + uniform” under Align
Surfaces. The iterated closest points algorithm, executed over 15 itera-
tions, was employed to minimise the distance between corresponding
points of the micro-XCT and 3D prints. Subsequently, the surface dis-
tance between the 3D prints and the reference meshes was calculated,
with discrepancies not exceeding 1 mm. The discrepancies were
visualised using the colour map module in Amira-Avizo 2019.3 (Thermo
Fisher Scientific, Inc.), which produced a colour map depicting geo-
metric discrepancies, ranging from blue (indicating minimal discrep-
ancies, or 0 mm) to red (indicating maximal discrepancies, or > 1 mm).
This colour map facilitated the precise identification of significant
morphological differences between the reference meshes and their 3D
print meshes. No quantitative measurements were performed. Instead,
morphological discrepancies were evaluated qualitatively by visually
assessing each colour map. Comparisons were conducted for each skel-
etal sample and its respective 3D print. Additionally, for samples SK-01,
CR-01, and SK-02, comparisons were made between the original bones
and their 3D prints created from various materials: SK-01 was printed in
powder, resin, and PLA filament; CR-01 in powder and resin; and SK-02
in powder and PLA filament.

2.7. Intra- and inter-operator reproducibility

Intra- and inter-operator reproducibility testing was performed on a
subsample of five specimens to assess the reliability of colour map
analysis. This involved repeated alignment based on manually placed
anatomical landmarks (used only for alignment, not for reproducibility
testing) and subsequent colour map analysis by different operators
(inter-reproducibility) and by the same operator (intra-reproducibility).

3. Results
3.1. FDM printing technology with PLA

3.1.1. FDM printing technology with PLA: visual presentation of the prints

The PLA filament prints were white in colour (PLA was light ivory
from Form Futura). The filament was perceptible to the touch, which
was also occasionally the case for areas of support adhesion, like the
resin prints. The accuracy of the 3D prints was generally consistent with
the reference bones upon visual comparison. However, several defects
were observed, including layer adhesion failures, commonly called
"spaghetti defects" due to their appearance [19]. Other issues included
visible support structures, gaps between filaments, flattened regions,
and areas of material loss.

3.1.2. PLA printing technology: topographical colour map analysis

The PLA filament prints of the two cranial sections exhibited minimal
discrepancies when compared to their reference meshes. Colour maps
predominantly displayed dark blue, with only occasional light blue or
blue-green areas noted near the edges of the skeletal structures, such as
around the internal occipital crest in sample CS-01 and the external edge
of the cut on the left side of the external occipital protuberance in sample
CS-02. Some light blue-green specks were also observed alongside the
filament lines added during the printing process. Both entrance defects
on CS-01 and CS-02 displayed discrepancies of 0 mm or values very close
to 0 mm based on their colour maps.

The PLA filament samples included two skulls and one cranium, with
no specific similarities identified upon analysis of the colour maps. For
sample SK-01, the colour map showed a predominantly red left side,
with a mixture of red, green, and dark blue on the right side. The pos-
terior aspect of the cranium exhibited more variation than the
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viscerocranium (Fig. 1, 1a and b). Sample CR-02 displayed a primarily
dark blue colour on the viscerocranium, with a small red area near the
bregma and a smaller circle under the left orbit, indicating a hole present
in the print but absent on the bone (Fig. 1, 2a). Sample SK-02 showed a
predominantly red viscerocranium, with small blue and green areas
above the nasal cavity and on the maxilla. A green-to-blue gradient was
observed towards the superior left side of the skull (Fig. 1, 3a). Specif-
ically, the posterior region of SK-02 exhibited green on the left parietal,
dark blue on the right parietal, and green again further along the right
parietal, while the sutures were mainly dark blue (Fig. 1, 3b). In
contrast, sample CR-02 revealed visible triangular patterns despite being
simplified similarly to other samples, with greener areas and some red
specks observed on the posterior aspect, particularly around the right
parietal and left side of the occipital. The sutures, although mainly dark
blue, showed some green areas (Fig. 1, 2a and b). Sample SK-01 dis-
played a continuation of the printing pattern from the right side of the
viscerocranium, with parallel lines, a red central area on the posterior
region of the skull, and a small dark blue area on the right parietal
(Fig. 1, 1b).

For sample SK-01, the right side maintained the previously observed
linear pattern, most prominently on the cranial vault and mandible, with
a smaller area affected on the right side of the maxilla (Fig. 2, 1c). In
contrast, CR-02 displayed a varied colour map on the right side,
including dark blue, light blue, green, yellow, and red patches. The most
significant discrepancies were found around the radiating fractures in
the temporal and parietal regions (Fig. 2, 2c).

The right side of sample SK-02 predominantly exhibited red, except
for the upper portion of the right parietal bone (Fig. 2, 3c). The left
profiles of the three samples generally showed slightly better accuracy
than the right profiles. For SK-02, the dark blue pattern extended from
the frontal to the occipital bone, with additional dark blue and green
areas present on the zygomatic process, nasal bones, ascending ramus of
the mandible, and maxilla (Fig. 2, 3d).

The left profile of CR-02 was predominantly dark and light blue,
though it included a green area on the temporal bone and some red
patches around the edges of the entry defect and the mastoid bone
(Fig. 2, 2d). Conversely, SK-01 exhibited larger red areas with a

1a 2a

1b 2b

0.5

0
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reduction in the linear pattern and showed some patchy areas of dark
blue, green, and scattered red. This less discrepant area was clearly
demarcated on the parietal bone, sphenoid bone, and parts of the tem-
poral bone (Fig. 2, 1d).

Upon analysing the colour maps from the superior view of the crania,
no consistent pattern emerged across the samples. Sample SK-01
exhibited a continuation of the less discrepant area seen on the left
side of the skull, forming a well-defined red circle encompassing the left
parietal and part of the frontal bone (Fig. 3, 1e).

Sample CR-02 displayed a predominantly dark blue top interspersed
with green, yellow, and red areas at the anterior and posterior of the
cranium. The triangular pattern, which was noted on the right profile,
was present but less prominent. Notably, a more heterogeneous area on
the superior aspect of the cranium coincided with a defect on the
print—a flat region absent on the bone, which appeared less discrepant
on the colour map compared to the physical print (Fig. 3, 2e).

In sample SK-02, the previously observed pattern on the colour map
was more pronounced, with visible rings anterior to the bregma indi-
cating the presence of excess PLA material from the printing process
(Fig. 3, 3e). The inferior view revealed a predominance of red areas for
SK-02, light and dark blue for CR-02, without distinct patterns, and
uniform red areas for SK-01, with some heterogeneous regions main-
taining the linear pattern on the right side of the occipital bone and dark
blue areas on the left temporal bone (Fig. 3, 1f, 2f, and 3f).

During the examination of entry defects, the accuracy of the 3D print
differed amongst the different colour maps. In sample SK-02, a promi-
nent red outline and red surrounding area were observed around the
entry defect above the right orbit on the frontal bone (Fig. 1, 3a). A
similar pattern was noted for the entry defect on the left parietal bone of
sample SK-01 (Fig. 2, 1d). In contrast, the second entry defect of SK-02,
located on the right parietal bone, exhibited a less pronounced
discrepancy, with a dark blue outline and predominantly dark blue and
green surrounding areas (Fig. 2, 3d). Sample CR-02 displayed an entry
defect on the left temporal bone, encircled mostly by green areas,
although the upper left quadrant of the defect (superior-frontal)
appeared blue. The superior outline of this entry defect and the initiation
of radiating fractures towards the occipital and frontal bones were

3a

3b

Fig. 1. a) Anterior and b) posterior views of the colour maps displaying the discrepancies between samples 1) SK-01, 2) CR-02, and 3) SK-02 and their respective PLA
filament prints. The colour map scale on the left indicates the level of discrepancy shown on the print in millimetres.
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1c

Forensic Imaging 44 (2026) 200667

Fig. 2. c¢) Right and d) left side views of the colour maps displaying the discrepancies between samples 1) SK-01, 2) CR-02, and 3) SK-02 and their respective PLA
filament prints. The colour map scale on the left indicates the level of discrepancy shown on the print in millimetres.

1e

Fig. 3. e) Superior and f) inferior views of the colour maps displaying the discrepancies between samples 1) SK-01, 2) CR-02, and 3) SK-02 and their respective PLA
filament prints. The colour map scale on the left indicates the level of discrepancy shown on the print in millimetres.

coloured red (Fig. 2, 2d).

The analysis of exit defects revealed similar findings to those of the
entrance defects. SK-02 had an exit defect on the left sphenoid bone,
outlined in red and surrounded by a red area at the inferior aspect, with
the superior aspect depicted in green on the colour map (Fig. 2, 3d). The
second exit defect, located on the right side of the occipital bone, just
posterior to the foramen magnum, was also outlined and surrounded by

red, with some chipping indicated in green (Fig. 3, 3f). In sample CR-02,
the exit defect situated between the right temporal and sphenoid bones
was outlined in dark blue. The onset of radiating fractures was marked in
red, with the surrounding areas displaying a mix of dark blue, green,
yellow, and red (Fig. 2, 2¢). Finally, the exit defect in sample SK-01,
positioned over the right orbit, exhibited a linear pattern in the supe-
rior half and was coloured red in the inferior half (Fig. 1, 1a).
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3.2. Resin prints

3.2.1. Resin printing technology: visual presentation of the prints

The resin prints exhibited an off-white hue and a generally smooth
surface, although occasional support adhesion areas revealed incom-
plete support removal. Overall, the prints were largely representative of
the sample material, but some defects were noted. For instance, in
sample CR-01, the resin print displayed a significant area missing on the
right side of the parietal bone, extending to the frontal gunshot wound.
A second resin print of the same sample also had a triangular void in this
region. Additionally, several resin prints exhibited small drainage holes,
which could be confused for foramina (see Fig. 4). Deformation was
observed in the same specimen, where the left side of the sagittal suture
appeared sunken relative to the corresponding skeletal structure.

3.2.2. Resin printing technology: topographical colour map analysis

Upon examining the viscerocranium of the resin prints for specimens
SK-01 and CR-01, several notable observations were made. For sample
SK-01, the structural edges—such as those of the orbits, nasal cavity,
mental foramen, teeth, and the defect over the right orbit—were
delineated in dark blue, while most of the intervening surfaces were
coloured in red (Fig. 5, 1a).

In contrast, sample CR-01 exhibited a more distinct colour pattern,
with specific structures, including the inferior halves of the orbits and
the nasal cavity, outlined in dark blue. The left zygomatic bone showed
fewer discrepancies compared to the right, and the frontal bone was
fragmented, with each fragment displaying a unique colour pattern
rather than a uniform one across the entire bone (Fig. 5, 2a).

When viewed from the posterior view, sample SK-01 predominantly
displayed red surfaces, except for areas near the sagittal suture on the
right parietal bone and the lambdoid sutures, which were coloured
green and dark blue (Fig. 5, 1b). In contrast, sample CR-01 displayed a Y-
shaped colour gradient transitioning from dark blue to green and yellow,
originating at the parietal bones, intersecting above the lambda, and
extending along the right side of the sagittal and right lambdoid sutures
(Fig. 5, 2b).

The topographical colour map of the right side of sample SK-01

Fig. 4. Underside of the resin print of sample CR-01 showing the drainage holes
circled in red.
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revealed a dark blue region over the temporal bone, transitioning to a
lighter blue near the sphenoid bone. Above this, the colour gradient
shifted progressively to green, yellow, and ultimately red across the
parietal bone. The mandible predominantly appeared green, except for
the menton, which was represented in red (Fig. 6, 1c). In sample CR-01,
an intriguing observation was made on the superior portion of the cra-
nial vault. While the physical print did not display this feature, the
colour map suggested a symmetrical surface, with the appearance of
bullet defects symmetrically positioned in that region. However, the
colour maps themselves were not symmetrical. Two prominent dark
blue areas were identified, forming curved lines. One of these lines,
resembling a Y-shape, originated on the frontal bone, extended across
the right parietal and temporal bones, reached the mastoid region, and
continued horizontally beneath the zygomatic process, terminating at
the maxillary bone (Fig. 6, 2¢ and 2b).

On the left side of SK-01, most areas were red, except for the left
lambdoid suture, the defect on the parietal bone, and the sphenoid,
which were depicted in green and dark blue. A similar pattern was noted
on the teeth, and the superior part of the ascending ramus of the
mandible and the maxilla appeared yellow (Fig. 6, 1d). On the left side of
sample CR-01, another curved line was observed, extending from
around the bregma towards the zygomatic process in a linear fashion,
including one of the defects, though narrower compared to the right
side. The left zygomatic bone was also depicted in dark blue. The
remainder of the left profile was largely red, except for the outline of the
second defect and a triangular area on the parietal bone, corresponding
to a missing section on the print, which was shown in dark blue. This
missing section, however, was inaccurately positioned on the colour
map (Fig. 6, 2d).

Upon analysing the colour maps from the inferior view, both samples
exhibited considerable variability in surface colouration, with the palate
and occipital bone displaying the least discrepancies, particularly just
posterior to the foramen magnum (Fig. 7). When examined from a su-
perior view of the cranium, sample SK-01 predominantly showed red
areas, interspersed with dark blue and green patches around the radi-
ating fractures and on the most dorsal aspect of the right parietal bone
(Fig. 7, 1e). In contrast, the colour map for specimen CR-01’s superior
view also revealed linear bands of dark blue transitioning into green,
with interspersed red areas. These red areas were notably present on the
posterior part of the left parietal bone, along the right side of the sagittal
suture (including the suture itself), and on the right side of the frontal
bone. Additionally, a red region was observed across the central fracture
on the frontal bone (Fig. 7, 2e).

3.3. Powder prints

3.3.1. Powder printing technology: visual presentation of the prints

The most distinctive characteristic of powder prints, in comparison
to other types of prints, was their dark grey colouration and rough
texture. When visually assessed against their skeletal counterparts, these
prints demonstrated high accuracy, with no significant defects observed.

3.3.2. Powder printing technology: topographical colour map analysis
Upon analysis of the colour maps, distinct differences in accuracy
levels emerged when compared to those generated from resin or PLA
filament prints. Indeed, the colour maps resulting from the comparison
between the reference meshes and the 3D scans from powder prints
exhibited a higher prevalence of dark and light blue, indicating a dis-
tance close to or equal to 0 mm. In the anterior view, a notable pattern
was the increased discrepancy in the teeth compared to other facial
features (Fig. 8). This trend was also evident in the zygomatic bones,
except in sample CR-01, where the right zygomatic bone appeared dark
blue (Fig. 8, 2a), and in sample SK-03, where both zygomatic bones were
dark blue (Fig. 8, 4a). All powder-printed samples displayed defects
and/or fractures on the frontal bone, except for SK-03. Specifically,
sample SK-01 exhibited an exit defect over the right orbit (Fig. 8, 1a),
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2a

2b

Fig. 5. a) Anterior and b) posterior views of the colour maps displaying the discrepancies between samples 1) SK-01 and 2) CR-01, and their respective resin prints.
The colour map scale on the left indicates the level of discrepancy shown on the print in millimetres.

1c

Fig. 6. c) Right and d) left side views of the colour maps displaying the discrepancies between samples 1) SK-01 and 2) CR-01, and their respective resin prints. The
colour map scale on the left indicates the level of discrepancy shown on the print in millimetres.

while sample SK-02 displayed an entry defect over the right orbit (Fig. 8,
3a). Sample CR-01 had a least two exit defects through the frontal bone
and involving the orbits (Fig. 8, 2a). In sample SK-01, approximately 75
% of the defect was outlined in dark blue, particularly the inferior half,
with lighter blue and green areas surrounding the remainder (Fig. 8, 1a).
A similar pattern was observed in sample SK-02, where the lower half of
the defect was dark blue, and the upper half was light blue (Fig. 8, 3a).
The gunshot wound on the viscerocranium of sample CR-01 was fully
outlined in dark blue, with a small bright red area above the left orbit
indicating a deviation from the skeletal counterpart (Fig. 8, 2a).

A notable observation from the colour maps of the posterior crania
revealed a prominent discrepant ring encircling the lambda for both SK-
01 and SK-02 (Fig. 8, 1b and 3b), and just below the lambda for CR-01
(Fig. 8, 2b). This ring appeared red in SK-01 and SK-02 (Fig. 8, 1b and
3b), while CR-01 displayed light blue/green (Fig. 8, 2b). In contrast, SK-

03 showed a distinct straight line separating the right side of the sagittal
suture from the middle and left side of the cranial vault, delineating dark
blue on the right side and light blue on the middle and left sides (Fig. 8,
4b).

The right and left sides of the colour maps exhibited patterns like the
viscerocranium, but with localised discrepancies. In SK-01, the left and
right mastoids showed green and green with red, respectively, and the
left ascending ramus of the mandible appeared green. Specimen CR-01
displayed discrepancies on the right mastoid and maxillary teeth,
while SK-02 showed light blue-green on the left mastoid, and SK-03
revealed green on the left side of the viscerocranium, including the
left set of teeth and the left maxilla.

When viewed superiorly, specimen SK-01 exhibited the highest level
of discrepancy, with green zones on the right side and left parietal bone,
surrounded by light blue areas (Fig. 9, 1c). Specimen CR-01 had a
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2e
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Fig. 7. e) Superior and f) inferior views of the colour maps displaying the discrepancies between samples 1) SK-01 and 2) CR-01, and their respective resin prints. The
colour map scale on the left indicates the level of discrepancy shown on the print in millimetres.

smaller light blue area on the right parietal above the entry defect, and a
distinct straight line dividing the left frontal and parietal bones, sepa-
rating dark blue from light blue (Fig. 9, 2¢). SK-02 showed green across
the right side and light blue on part of the left parietal (Fig. 9, 3c). SK-03
was predominantly light blue, with dark blue on the left parietal and a
dark blue area on the bregma (Fig. 9, 4c).

When viewed inferiorly, the samples exhibited scattered light blue
and green areas. SK-02 displayed green across the lower mandible
(Fig. 9, 3d), CR-01 showed green on the left maxillary teeth (Fig. 9, 2d),
and SK-03 mostly presented dark blue, except for the maxillary teeth,
which were predominantly green with hints of dark blue and red (Fig. 9,
4d).

Entry defects were identified in SK-01 on the inferior portion of the
left parietal bone, in CR-01 on the right parietal, in SK-02 over the right
orbital on the frontal bone and the left parietal, and in SK-03 at the
suture between the right temporal and sphenoid bones. These were all
outlined in dark blue and surrounded by similar hues, except for SK-02,
where the superior half of the entry gunshot wound was light blue
(Fig. 8, 3a).

Exit defects were observed in SK-01 over the right orbital on the
frontal bone (Fig. 8, 1a), and in SK-02 between the left sphenoid, frontal,
and left parietal bones, and on the right side of the occipital bone, just
posteriorly to the foramen magnum. CR-01 also displayed a fracture on
the frontal bone above the orbits, likely resulting from an exit defect
(Fig. 8, 2a), similar to the left side of SK-03. These radiating fractures
and defects were outlined and surrounded by dark blue, except for the
superior half of the exit defect in SK-01 (Fig. 8, 1a) and a small red speck
over the left orbit in CR-01 (Fig. 8, 2a). The SK-03 exit fracture exhibited
light blue and dark blue outlines, surrounded by dark blue superiorly to
the missing bone and lighter blue inferiorly.

Overall, the 3D mesh of specimen SK-01 exhibited the least similarity
to its reference mesh, followed by SK-02, CR-01, and SK-03.

3.4. Same specimen prints comparison

A comparison was made between the 3D model mesh accuracy across
the three printing technologies (PLA filament, resin, and powder) for
samples SK-01 and SK-02. No consistent pattern emerged in the dis-
crepancies observed across the colour maps for the 3D model meshes,
except for the following observations:

For specimen SK-01 (Fig. 10), the powder print and PLA print com-
plemented each other. Specifically, when analysing the colour map from
a superior view, the green areas of the colour map displaying the dis-
crepancies between the sample and its respective powder 3D print,
which corresponded to increased discrepancies, corresponded to regions
on the PLA 3D print model with reduced discrepancies, displaying
increased green and dark blue levels. Additionally, similarities were
noted between the resin and PLA filament prints for this specimen,
particularly on the left side, where both exhibited comparable distri-
butions of areas with minimal discrepancies.

Specimen SK-02 (Fig. 11) was printed using both powder and PLA
filament. The only discernible pattern was observed on the left profile,
where discrepancies were noted. Specifically, the left mastoid and left
zygomatic process exhibited increased discrepancies in both prints, with
the powder print showing light blue-green areas and the PLA filament
print displaying red on the colour maps.

3.5. Intra- and inter-operator reproducibility

Intra- and inter-operator reproducibility testing showed no differ-
ences during the colour map analysis within a 1 mm threshold, indi-
cating high reproducibility. These results suggest that any subjectivity
during the alignment process did not affect the outcomes.

4. Discussion and future recommendations

Forensic pathologists and anthropologists are responsible for ana-
lysing and interpreting bone trauma. Yet, substantiated cases for
teaching remain scarce worldwide, especially at the undergraduate and
postgraduate levels in the forensic sciences. Additionally, ethical regu-
lations governing the use of skeletal material vary globally, restricting
the collection and utilisation of biological materials in educational and
legal contexts. As a result, practitioners, law enforcement, and students
often lack access to clear, illustrative examples or reliable references of
bone trauma. This scarcity makes applying theoretical knowledge to
practical bone trauma analysis a challenging endeavour. The application
of 3D printing technology in forensic anthropology addresses many of
the challenges associated with the use of skeletal material in forensic
investigations.

A comparative analysis of colour maps revealed that SLS powder
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Fig. 8. a) Anterior and b) posterior views of the colour maps displaying the discrepancies between samples 1) SK-01, 2) CR-01, 3) SK-02, and 4) SK-03 and their
respective powder prints. The colour map scale on the left indicates the level of discrepancy shown on the print in millimetres.

prints exhibited the fewest discrepancies and, therefore, presented the
highest accuracy among the technologies used in this study. While
micro-XCT scans offer a higher resolution than CT scans, our findings
align with the trends reported by Carew, Morgan, and Rando [20], who
3D-printed skeletal models from CT scans using different technologies.
Despite their higher cost for printing and sustainability [21],
powder-based prints provided a strong visual resemblance to skeletal

material. Moreover, SLS powder-based prints do not require additional
support structures during printing, as the powder surrounding the print
offers the necessary support [22]. This feature minimised any potential
risk of damage during support removal and has already been used in
forensic cases, such as a case of blunt force trauma to the head in Poland
for analysis [23]. Indeed, unlike the resin used for the SLA prints, the
powder does not need to be cured after printing, which avoids any
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Fig. 9. c¢) Superior and d) inferior views of the colour maps displaying the discrepancies between samples 1) SK-01, 2) CR-01, 3) SK-02, and 4) SK-03 and their
respective powder prints. The colour map scale on the left indicates the level of discrepancy shown on the print in millimetres.

deformation during support removal in case of an unfinished curing
process. Additionally, the risk of leaving support fixture points or sup-
port structures in unreachable areas will be avoided, which is not the
case for SLA resin and FDM PLA filament prints.

FDM PLA filament prints, while easily affordable and accessible,
displayed significant discrepancies and defects, such as layer adhesion

10

failure “spaghetti” patterns [24]. Despite judges/jury members and
students being able to identify such defects, these can cause problems,
particularly near entry or exit defects, potentially altering perceived
bullet trajectories or other areas of interest. Additionally, “warping”
defects, likely due to printing speed or nozzle height [25], were
observed in sample SK-02. These defects were occasionally highlighted
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Fig. 10. a) Superior and b) left side views of the colour maps displaying the discrepancies between the sample SK-01 and its respective 1) powder, 2) PLA filament,
and 3) resin prints. The colour map scale on the left indicates the level of discrepancy shown on the print in millimetres.

0

Fig. 11. Left side view of the colour maps displaying the discrepancies between the sample SK-02 and its respective 1) powder, and 2) PLA filament prints. The
colour map scale on the left indicates the level of discrepancy shown on the print in millimetres.

in dark blue, indicating their proximity to the actual placement of the
bone. Moreover, the weight of new layers on warm and, therefore,
flexible lower layers may also lead to deformations in the print [26].
Technical issues, such as missing pieces in the SLA resin prints and layer
adhesion failure defects in the FDM PLA filament prints, were noted but
did not detract from the overall appearance of the print.

Although SLA resin prints provide better resolution than FDM PLA
prints [27], they showed noticeable deformities, including missing
pieces and sunken areas. For instance, sample CR-01 displayed small
round holes on the occipital and left zygomatic bones, identified as
drainage holes for resin [28]. These features should be accounted for in
court presentations to prevent confusion with foramina or other
anatomical features absent from the skeletal element, and they should
also be placed further away from the areas of interest. Furthermore, a
large triangular section was missing from the right parietal bone. This
anomaly, however, was not observed when using a different material for
the same sample or in other 3D prints from the same printer and was,
therefore, ruled out as being caused by printer malfunction. However,
this defect is likely the result of a small solid piece of resin detaching and
falling during the printing process. This is thought to have blocked the
laser and prevented subsequent layers from forming. While support
structures are added to prevent unsupported areas, skeletal models are
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complex, and some may have been overlooked. Observed sunken areas
in the SLA resin prints may also have resulted from inadequate UV
curing, as the UV chamber available was too small for the prints, and
therefore, natural sunlight was used instead. Although overexposure to
UV light can be detrimental, underexposure can cause deformations
[29], such as the indentation observed on the superior part of the CR-01
print, possibly impacting its presentation as evidence.

FDM PLA filament and SLA resin prints require support structures
during printing, but their removal processes differ significantly. PLA
filament supports are rigid and challenging to remove, while resin
supports are more flexible but may leave a rough surface [30,31]. For
example, in sample SK-01, a lattice support system was used, which,
despite its flexibility, left substantial remnants inside the cranial vault.
The manual removal of supports can be time-consuming and risks
damaging delicate structures, especially when appropriate tools are
unavailable. Furthermore, excessive support structures can overload
segmentation software, increasing processing times and potentially
causing software failures. Future studies could mitigate these issues in
FDM PLA filament prints by using water-soluble materials for the sup-
port structures [32].

No specific pattern emerged when comparing colour maps from
different print technologies for the same specimen using a maximum
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discrepancy of 1 mm. This suggests that the observed discrepancies were
more influenced by printer calibration and mesh interpretation than by
the 3D model’s inherent complexity. While colour maps provide a visual
assessment of morphological discrepancies, the study did not include
quantitative measurements such as mean, median, or maximum de-
viations. Therefore, conclusions were limited to visual inspection.
Despite this limitation, the colour maps offered a consistent method for
comparing morphological discrepancies across samples and materials.
Future studies could elaborate on these findings with quantitative data
to provide a more rigorous evaluation of morphological accuracy.
Additionally, although manual placement of the anatomical landmarks
may introduce some subjectivity, despite following the standardised
criteria by Caple and Stephan [18], this step was solely used for align-
ment purposes, and reproducibility testing confirmed that it did not
affect the colour map analysis.

Three-dimensional printing technology offers a valuable tool for
enhancing the understanding and interpretation of gunshot defects in
bone, particularly for judges, students, and the public. A 3D print allows
for detailed examination and physical manipulation of evidence, making
it highly effective for forensic analysis, courtroom presentations, and
educational purposes. In replicating skeletal trauma, 3D prints may
provide an objective and reproducible alternative to traditional evi-
dence [33,34].

3D-printed skeletal elements have already been used in court, with
evidence from cases involving cranium injuries and fractures [10].
Studies have validated the use of 3D-printed fractures and knife cuts on
pig bones using similar technologies as in this study, namely SLA resin
and an unspecified FDM filament [12], as well as skull SLS prints in
Germany [35]. In cases where skeletal material is needed after burial or
cremation, exhumation or loss of evidence becomes a concern. The use
of 3D scans, allowing 3D prints to be made, would address these issues
and prevent them in future cases. 3D prints used in court could
demonstrate the bullet trajectory using a laser pointer [8] and allow the
people involved in the verdict to physically manipulate the printed area
of interest without the sensory aspects of skeletal evidence [3].

This study determined that despite their higher cost, SLS powder 3D
prints provide the highest accuracy and are the most suitable for
courtroom evidence and educational purposes. They excel in depicting
critical features, such as entry and exit wound defects, making them
highly reliable for forensic applications. Carew et al. [20] further sup-
port the superior accuracy of SLS powder 3D prints. They evaluated
various 3D printing materials for bone replication and concluded that
SLS powder 3D printing offers the most precise and visually effective
results.

In comparison, FDM PLA filament and SLA resin prints demonstrated
high accuracy for specific features but were generally less reliable
overall. Notably, improvements in the accuracy of FDM PLA prints when
assessing smaller sections may also extend to SLA resin prints. For
instance, in a homicide case, an SLA resin-printed skull section was
successfully used in court to illustrate forensic evidence [5]. Addition-
ally, subdividing a cranium into smaller sections for resin printing en-
hances the accuracy significantly, as evidenced by previous research
[20].

By tailoring the printing method to the specific requirements of
forensic and educational contexts, 3D printing technologies offer ver-
satile and effective solutions for presenting skeletal evidence. Three-
dimensional printing offers advantages for forensic analysis, allowing
the creation of multiple prints from a single mesh, which can be crucial
for fragile or damaged bones. Forensic applications with ballistic trauma
to bone often include describing the trajectory in the cranium and, if
possible, establishing the sequence of shots [36,37]. The use of powder
prints is recommended for accuracy, but FDM PLA filament prints can be
suitable for specific regions as they present minimal discrepancies in
cranial sections.

The maximum allowed discrepancy was set at 1 mm, which appeared
as red on the colour map. Consequently, any larger discrepancies would
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also appear red and would not be distinguishable from 1 mm deviations.
Expanding the threshold for maximum allowable discrepancies in the
creation of colour maps could provide a more informative view of the
actual maximum discrepancies. Henningsen et al. [9] reported that
non-experts considered small discrepancies as irrelevant if the area in
question was explained, and that simplified prints did not impact expert
testimony. Therefore, despite potential minor discrepancies, 3D prints
can still support court cases when accompanied by clear explanations.
However, the acceptable threshold may depend on the application. Less
accurate SLA resin or FDM PLA filament prints may be sufficient for
explaining broader anatomical concepts to a non-expert audience, but
more accurate SLS powder prints may be preferred when demonstrating
a projectile trajectory. Outside of court use, forensic casework might
also benefit from high-accuracy SLS powder prints, particularly if the
original remains are unavailable (e.g., reopened cases of buried or
cremated remains) or too fragile to perform accurate measurements and
assessments, especially regarding projectile trauma. Future studies
should further evaluate scenario-dependent thresholds.

Ethical considerations are crucial, particularly regarding the use of
3D prints in cold cases, as this involves consent for handling and using
human remains [38]. Standardised country-specific procedures need to
be created for the scanning, storage, and printing of skeletal material. All
skeletal remains and their associated 3D models should be anonymised.
In their ethical framework, Carew, French, and Morgan [39] highlighted
nine principles to be applied when using 3D-printed human remains in
crime reconstruction. When used as evidence in court, the principles to
focus on should be justice, transparency, proportionality, and benefi-
cence. Educational applications of 3D prints include teaching and
training, where they can substitute for actual skeletal material and offer
advantages in cost and safety [40,41]. The choice of printing technol-
ogy, FDM, SLS, or SLA, does not appear to impact the effectiveness of the
prints in teaching [42]. For their use in education, the remaining prin-
ciples, anonymity, context, non-maleficence, consent, and autonomy,
should remain the focus [39].

5. Conclusion

The frequent discovery of decomposed and skeletonised remains
necessitates the application of forensic anthropological methods, which
can provide crucial evidence for legal proceedings. However, the use of
skeletal evidence in court faces scrutiny due to potential psychological
effects that may influence judicial outcomes.

The rising use of 3D printing in forensic anthropology offers potential
benefits, such as reducing the exposure of people to biological material,
the damage to that material, and the psychological effects of working
with human remains. SLS powder-based 3D prints showed higher ac-
curacy levels for whole skulls and crania when comparing the 3D print
meshes to their respective reference mesh. With SLS powder-based 3D
prints, no noticeable deviations were observed from the reference bone.

FDM PLA filament 3D prints were less accurate for whole skulls and
crania. Nonetheless, FDM PLA filament prints demonstrated high
morphological accuracy in smaller areas, such as cranial sections with
ballistic defects, making them a viable option in some cases due to their
greater availability and lower cost. SLA resin 3D prints were the least
accurate for whole skulls and crania, and often displayed deformations
visibly on the prints.

Understanding the impact of 3D prints on legal verdicts is essential
for evaluating their effectiveness in forensic contexts. Future research is
therefore needed on how the use of 3D-printed cranial projectile trauma,
particularly when accompanied by colour maps, affects judicial
decision-making and whether these tools can replace original skeletal
material in court. Expanding the parameters for maximum allowable
discrepancies in the creation of colour maps and studying the accuracy
of different printers for each 3D printing material would help establish
standards for legal applications, ensuring their reliability and
admissibility.
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