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Abstract 
Three-dimensional (3D) modalities are frequently applied in forensic practice as it tends to give complete information of 
the evidence merely by touching which has resulted in increased usage in legal medicine and forensic sciences. A number 
of sub-disciplines of forensic science utilises 3D modalities in an inter-disciplinary manner viz. forensic anthropology, 
forensic archaeology, forensic odontology, crime-scene investigation, pattern analysis and recovery, courtroom 
visualisation and ballistic comparison. With appropriate knowledge and utilisation of 3D scanning, modelling and printing 
technologies, innovative approaches can be implemented for identification in forensic cases. Given that these technologies 
are evolving rapidly and changing the face of forensic science, the present article collates current developments, working 
and applications of non-contact scanning techniques, modeling and 3D printing techniques.

Introduction
Recent advances in the capabilities and accessibility 
of three-dimensional (3D) technologies have seen an 
increasingly widespread adoption of the systems as a 
tool for the investigation of crime and for establishing 
identification. In the present times, the use of three 
dimensional modalities should not be overlooked 
for investigative or court purposes, which is still 
comparatively new. Innovative approaches using 3D 
modalities assume a necessary part for the evolution in 
the various fields of forensics1. Since last few decades, the 
various forensic and medico-legal experts have gradually 
become acquainted with 3D modalities including 3D 
acquisition, 3D modeling and processing and 3D printing 
techniques2–4. It has been repeatedly demonstrated that 

virtual methods facilitate preservation, restoration, 
storage and conservation of evidence2, 5. The 3D approach 
has evolved into a legitimate, recognized and stand alone 
methods for examining human skeletal remains, after the 
conversion of scanned data to digital models for editing, 
analysis and visualisation3, 6, 7.

3D modalities are frequently applied in forensic 
practice as it tends to give complete information of 
the evidence merely by touching which has resulted its 
increased usage in legal medicine and forensic sciences8, 9. 
With commencement of such technologies, the 3D data 
acquisition is a fast-developing area in scientific research 
development and innovation. Its main applications in the 
field of forensics can be broadly categorized into: 1. Spatial 
visualization and site-space analysis (as in case of crime 
scene investigation) and 2. Visualization and quantitative 
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analysis. The end product provides a 3D model that may 
be scaled, rotated and examined from multiple view-
points in 3D space, and further analysed, from internal 
and external aspects10.

The present literature aims to highlight the 
importance of 3D modalities, their functioning as well as 
their possible utilisation especially in the fields of forensic 
odontology and forensic anthropology. It can be utilized 
to its fullest potential when 3D scanners, processing/
remodelling software and various 3D printing techniques 
are amalgamated for best practices in forensics. 

 Three-dimensional (3D) Imaging
It refers to the process of data acquisition in x, y and z 
coordinates that would represent an object in 3D space11. 
Two primary forms of 3D data acquisition devices 
exists: Volumetric scanners/transmissive and surface 
scanners/reflective12 (Figure 1) shows different three 
dimensional imaging techniques. External and internal 
structural geometry of entire object is obtained using 
volumetric scanners whereas surface scanners deal with 
the acquisition of the external surfaces of an object being 
scanned.

Volumetric Data Acquisition
For accurate acquisition of internal and external 
structures, methods based on the focused transmission 
of X-radiation have been utilised. The volumetric 

scanners utilised in forensics are Computed Tomography 
(CT), Cone Beam Computerized Tomography (CBCT), 
Micro-computed tomography (MCT), Tuned-aperture 
Computer Tomography (TACT) and Magnetic Resonance 
Imaging (MRI)13. Transmissive imaging techniques 
are based on passing the radiation through a sample to 
capture volumetric data. The advantage of this technique 
is that forensic evidence/human cadavers can be scanned 
even when they are packaged, or in cases where cadavers 
are macerated12. Visualisation of internal features of the 
human body becomes possible using this though quality 
may differ12. The individual image slices obtained are 
utilized to produce a virtual three-dimensional model, 
through a process known as 3D reconstruction. The 
volumetric data production involves discrete stages in 
which computer algorithms processes the geometry of an 
image stack through transformation, perspective creation, 
clipping, and lighting. Finally creating an image based 
on rastering (dot matrix data structure that represents a 
generally rectangular grid of pixels), shading, texturing 
and anti-aliasing10, 14. Two models of images may be 
produced from this –

•	 Surface-rendered model represents points that have 
equal values of grey density which are then extracted 
and generalized as a series of polygons into a proper 
geometric surface10.

•	 Volume rendered model represents grey values as 
being partially opaque, allowing the observer to see 
into or through a solid structure to a greater or lesser 
extent10.

Surface Data Acquisition
The Three Dimensional Surface Scanning (3DSS) devices 
utilizes acquisition of the outer structure and its accurate 
surface details, thus also known as reflective technique as 
it works by reflecting a light source onto a subject and 
recording the reflected data12. The 3DSS scanners fall 
under two broad categories: contact scanners and non-
contact scanners.

Contact Scanning
Contact 3D scanners probe objects through physical 
touch, while the object is placed on a flat surface15 
(Figure 2). The probe contacts the object at various points 
resulting in acquisition of data. Accuracy of this method 
of data collection is more for geometrical objects rather 

Figure 1: Classification of Three-Dimensional Imaging 
Modalities.
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than organic freeform shapes. However, the application 
of contact-based digitization is limited to the industrial 
needs. Due to the physical contact of object with the 
probe, it may modify or permanently damage the object 
making it of destructive type; which invalidates its use in 
forensics11, 16.

Non-Contact Scanning
Non-contact scanners are faster and simpler for data 
acquisition. The non-contact 3D scanners are of non-
destructive type as there is no direct contact between 
the scanner and the object. They are further divided into 
active and passive subtypes. The active scanners reflect 
the light off an object’s surface through an array of lenses 
and then onto an image sensor whereas the passive 
scanners illuminate objects using an undirected light 
source.11 The various non-contact scanning technologies 
are listed.

•	 Laser triangulation 3D scanners use a single laser 
point to scan across an object; where the laser beam 
projected by the scanner is reflected off from the 
object and is later received by the receptor17 (Figure 
3). This laser trajectory, trigonometric triangulation 
and deviation angle is perceived by the system. Here, 
the calculated angle is directly proportional to the 
distance from the object to the scanner. It generates 
the point cloud data from the collected information, 

after which the mesh is created. These meshes can be 
cleaned and stitched together to form a complete 3D 
model of the entire surface. The triangulation method 
is more appropriate for recording smaller objects.11, 18, 19 
The advantage is its resolution and accuracy. However 
the shiny and transparent surfaces are difficult to be 
recorded with this type of scanners. Thus, useful in 
archaeological department for data collection and 
analysis11.

•	 Structured light 3D scanners use trigonometric 
triangulation principle and rely on the structured 
light (white or blue light) which projects a series of 
linear patterns on an object (Figure 4). The system 
examines the edges of each line in the pattern and 
calculates the distance from the scanner to the 
object’s surface11. Light modulators produce pattern 
of lights based on different technologies, where the 
displacement of individual stripe is converted to 3D 
coordinate of the object. Structured light scanning 
has the ability to capture geometric, morphometric 
and colour surface data. The advantage is its speed, 
resolution and ability to scan large objects11, 19. Thus, it 
is majorly used in the area of forensic sciences as well 
as in face identification.
•	 Photogrammetry reveals the geometric 

properties of the object to be scanned through 
various photographic images. The principle of 
photogrammetry is to take multiple images of the 
object from various positions with common reference 
point in each image which eliminates modelling 
of an object and also captures the original color 
of the object used (Figure 5). A photogrammetry 
software is used to process and develop a 3D model 
of the object from the photographs. Due to its 
precision and acquisition speed, photogrammetry 
is also capable of reconstructing objects of various 
scales. The disadvantages of this technology are its 
sensitivity to the resolution of the input photographs 
and the time it takes to run the algorithms. However, 
it is widely used in documentation of taphonomic 
changes, archaeological department and crime 
scene management11, 20.

•	 Laser Pulse Based Scanners also known as lidar or 
time of flight scanners are based on the time taken 
by laser to hit target and return. The distance can be 
easily calculated as the speed of light is defined. It has 
higher resolution compared to other non-contact 

Figure 2: Contact based 3D scanning.
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scanners. The scanner needs to be moved across the 
scene to ensure the laser scan captures previously 
unseen surfaces when applied to larger area. The 
individual scans are manually stitched together to 
create a full representation of the whole scene; thus 
it is useful in crime scene documentation11, 21.

Various studies have been conducted till date to 
determine the quality of digitized 3D models in terms 
of repeatability, reproducibility and robustness of the 
digitalization process. The literature supports 3DSS, 
CT and CBCT scanners, along with optical and laser 
scanning as commonly employed technologies for 
forensic purpose9, 22. The use of micro-CT gives higher 
image resolution with the voxel size less than 0.001 mm 
but its application is less in practice due to its high cost23. 
Moreover, the literature states that expertise is required to 
operate volumetric scanners which are quite expensive, 
thus decreasing its popularity over surface scanners24, 25. 
Also, the volumetric scanners other than micro-CT 
gives lower accuracy and external surface details when 
compared to surface scanners which in turn give higher 
resolution, surface texture and colored data26, 27. The 
volumetric data obtained has complex internal geometry 
of an object and when working with complex anatomical 
structures it results in large files which in turn hamper 
the computer performance. Also surface scanners does 
not emit harmful radiations as in case of volumetric 
scanners28, 29.

Three-dimensional (3D) Modeling
Three-dimensional (3D) modeling of an object can be 
referred to the process of converting a measured point 
cloud into a triangulated network (‘mesh’) or textured 
surface where as rendering is a algorithm which 
transforms the model and creates a 3D data in display 
coordinates. Rendering converts the object properties 
into pixel values30.

For Volumetric Data
Volumetric data are based on image slices from 
Computed Tomographic (CT) scanners and/or cone 
Beam Computed Tomography Scanners (CBCT). The 
individual image slices from a CT/CBCT are used to 
produce a virtual three-dimensional object, through 
a process known as 3D reconstruction10. The most 

Figure 3: Laser triangulation technique.

Figure 4: Structured light 3D scanning technology.

Figure 5: Photogrammetry.
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important aspect of this process is rendering to the image 
volume. Rendering involves discrete stages by which 
computer algorithms process the geometry of an image 
stack, through transformation, perspective creation, 
clipping, and lighting, and in doing so create an image 
based on rastering, shading, texturing and anti-aliasing10. 
From this rendering process, two modes of images may 
be produced – a surface-rendered model or a volume-
rendered model (Figure 6).
•	 Surface-rendered model (or isosurface) represents 

points that have equal values of grey density which are 
then extracted and extrapolated as a series of polygons 
into a proper geometric surface.

•	 Volume rendering on the other hand, treats grey values 
as being partially opaque, allowing the observer to see 
into or through a solid structure to a greater or lesser 
extent. 

In practice iso-surface rendering is the preferred 
option for subsequent interrogation of surfaces, and 
iso-surface files can be exported as relatively small 
digital models in common formats such as PLY or STL 
for subsequent manipulation and landmarking using 
proprietary or open-source software10.

For Surface Scanned Data 
The data acquisition starts with the recording of surface 
geometry (shape), texture (colour or detail) or both. Point 
cloud of varying  densities is generated from the raw data. 
(Figure 7) Point cloud is a set of points that is depicted the 
position (X, Y, and Z), intensity (I), and colour (R, G, and 
B) value data for scanned objects.11

Post processing of raw data comprises of:

•	 Cleaning31: Initially a noise clean-up is done to remove 
the background noise from the raw data (Figure 7A).

•	 Reconstruction31: After noise clean up the individual 
data are aligned to create a single model. This is 
done using auto alignment/global registration which 
is based on Iterative Closest Point (ICP) algorithm 
which relies on minimizing the difference between 
two clouds of points, thus aligning the geometry of 
two objects. In case of complex structure, the points 
on the raw data are aligned manually by selecting 
points on three basis vectors (x, y and z). After aligning 
and creating a complete object, base removal is done 
Figure 7(B and C).

•	 Fusion of raw data31: Once the object geometry is 
complete, the points or vertices are rendered into 
mesh, which is generally comprised of algorithmically 
interconnected polygonal plane that represents 
surface. On this mesh, a rendered surface is applied, 
where the recorded points in a cloud are connected 
together into a continuous 3D surface approximation. 
The final model is down-sampled, smoothened, and 
decimated (i.e. the number of triangles is reduced) 
in order to remove extraneous features. This makes 
the file size small enough to be used in a variety of 
software packages10 (Figure 7D, E and F).

Three-dimensional (3D) Printing
3D printing is a powerful tool that allows for a model of 
evidence to be created, thus an aid to develop teaching 
collections in teaching laboratory and for hands-on 
museum exhibits for educating the public. Having a 
prototype model of the original specimen also helps to 
prevent over handling of the original, and a mould can 
be made from the replica, with further copies produced 
at a lower cost26. 3D printing is alias with additive 

Figure 6: Volumetric Data acquisition and processing.

Figure 7: Processing for Surface scanned data (A) Noise 
Clean up (B)Alignment of individual scans (C)Removal of 
base (D) Fusion of raw data (E) Mesh of the model (F) Final 
surface rendered model.
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manufacturing32. To create a physical 3D model, Computer 
Assisted Design (CAD) software is essential as it allows to 
form the basic design in virtual environment32 (Figure 8). 
The precision of the 3D printed model depends on the 
technology such as Fused Deposition Modelling (FDM), 
Stereolithography (SLA), Digital Light Processing (DLP), 
Photopolymer Jetting (PPJ), Powder Binder Printers 
(PBP), Selective Laser Sintering (SLS) etc.32. Figure 8 
describes the general workflow for the printing process.

•	 Fused Deposition Modelling (FDM) is one of the 
earliest technologies where FDM printers have robotic 
extruders which traverses on the stationary platform 
or has a stationary extruder and a movable platform33. 
The digital model created are sliced into the layer and 
support structures are added in the software and then 
the co-ordinates are transferred to the printers33, 34. 
The most important material selection criteria for 
FDM materials are heat transfer characteristics 
(thermoplastic) and rheology34. A commonly used 
material is the biodegradable Polymer Polylactic 
Acid (PLA); or similar materials such as Polyvinyl 
Chloride (PVC), nylon, Acrylonitrile Butadiene 
Styrene (ABS) and investment casting wax have 
been used as key components of scaffold structures34. 
The models prepared using this material have high 
porosity, variable mechanical strength, lower accuracy 
when compared to other materials, limited shape 
complexity33, 35.

•	 Stereolithography (SLA) uses a scanning laser to 
build parts one layer at a time, in a vat of light-cured 
photopolymer resin where light sensitive polymer is 
cured layer by layer33, 36. Each layer is traced-out by 
the laser on the surface of the liquid resin, at which 
point a ‘build platform’ descends and another layer of 
resin is wiped over the surface. The process is repeated 
till the object is created. Supports are created in the 
CAD software and printed to resist the wiping action 
and to resist gravity, which are removed from the 
finished product. Post-processing involves removal of 
excess resin and a hardening process in a UV oven43. 
The advantage of this technology is rapid fabrication 
and ability to create complex shapes with high feature 
resolution though it has limited shelf life33.

•	 Digital Light Processing (DLP) uses a projector light 
source for curing the liquid resin layer by layer. Here, 
the object is constructed on an elevating platform in 
upside down manner. The polymer is layered pending 

the object is constructed, and the residual liquid 
polymer is drained off37, 38. The advantage of this 
technology is good accuracy, the created surfaces are 
smooth, relatively fast and of lower cost33.

•	 Selective Laser Sintering (SLS) uses scanning 
laser that fuses a fine material powder, to build up 
structures layer by layer, as a powder bed drops 
down incrementally, and a new fine layer of material 
is evenly spread over the surface39, 40. This is also 
Selective Laser Melting (SLM) or Direct Metal Laser 
Sintering (DMLS)33. A high (60 μm) level of resolution 
may be obtained and as the structures that are printed 
are supported by the surrounding powder, no support 
material is required41, 42. The technology is costly 
to purchase, maintain and run, therefore requiring 
copious quantities of compressed air. The materials 
are intrinsically dusty, have some health and safety 
requirements and are rather messy to work with33. 
Materials available include nylon, which is perhaps 
the most versatile, flexible elastomeric materials and 
metal-containing nylon mixtures33.

•	 Photopolymer Jetting (PPJ) uses light cured resin 
materials and print heads rather like those found 
in an inkjet printer (but considerably more costly), 
to lay down layers of photopolymer which are light 
cured with each pass of the print head33. A variety 
of materials may be printed including resins and 
waxes for casting, as well as some silicone-like rubber 
materials. Complex geometry and very fine detail is 
possible – as little as 16 microns resolution44.

•	 Powder Binder Printers (PBP) uses a modified inkjet 
head to print using, what is essentially, liquid droplets 
to infiltrate a layer of powder, layer by layer. Typically 
a pigmented liquid, which is mostly water, is used 
to print onto the powder, which is mostly plaster of 
paris33, 44. The accuracy obtained is less also lower 
strength is obtained44.

Potential Application in Forensic 
Odontology and Anthropology

•	 Documentation – It is one of the basic applications of 
3D imaging (Figure 9A) where the scanned data can 
be saved and archived for future reference. Archiving 
data ensures that the actual state of the remains can 
be documented and re-examined in case the original 
evidence is altered. The external injuries documented 
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can later help in investigation of the weapon and time 
since the injury was inflicted45. The human remains as 
well as bones can be documented to study taphonomic 
changes and alterations. Moreover, the 3D data can 
also be digitally transferred to other forensic experts, 
allowing them to consult on cases without having to 
transport the remains46.

•	 Analytical Procedures - When the original 
anthropological and dental remains are unavailable 
or cannot be handled physically, the 3D digitized data 
can be used for point-to-point measurement (Figure 
9C). Volumetric measurements such as surface area, 
volume and surface-curvatures can also be done 
using the scanned data. The literature ascertains the 
precise measurements obtained using scanned data 
and can aid in determination of age and sex; thus 
aid in developing accurate biological profiles29, 46. 
Volumetric imaging of living and dead can also aid 
in sexual dimorphism by analysis of para-nasal 
sinuses thus offering a solution for age estimation 
of the living47. Pattern analysis such as fingerprints, 
foot prints can be done by using laser scanners48. The 
bitemark patterns as well as the dental casts can be 
digitized and thus used for further analysis and digital 
superimposition49. 3D model analysis is one of the 
important analytical application for research purpose 
in cases of reconstruction50, 51 (Figure 10).

•	 Virtual Reconstruction and Remodelling - Virtual 
reassembly of fragmented bones (Figure 9B) can be 
carried out to generate a single unit which can be 
printed as single assembly in contrast to the traditional 
practice of reassembling bone fragments using 
adhesive materials such as glue5. Virtual reconstruction 

is advantageous as it allows the evidence to remain in 
its original condition25, 26. Virtual reconstruction of 
missing elements has been reported by using geometric 
morphometrics which aid in positive identification48. 
A number of methodologies are used under the title 
of reconstructive forensics for virtual reconstruction 
which include mirroring, thin plate spline function, 
reverse engineering with geometric morphometrics, 
superimposition and incremental techniques5, 52–55. 

Figure 8: General work flow for 3D Printing.

Figure 9: Applications of 3D Scanning: Documentation 
(A), Virtual Reconstruction (B), Metric analysis (C).

Figure 10: 3D superimposition for morphological 
analysis.
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Authors have also demonstrated the use of 3D scanning 
and printing to reconstruct the post-mortem missing 
teeth from empty dental sockets50. At the end, a 3D 
model is generated either in .obj (Wavefront OBJect) 
and .stl (Standard Tessellation Language) format 
which can be analysed using number of software 
packages such as Freeform, Polyworks, Autodesk 
Maya Sensable Technologies, ITK-Snap, ZBrush etc.

•	 Forensic Facial Reconstruction - Automated facial 
approximation or utilization of 3D modelling and 
digital sculpting programs can be performed digitally 
by 3D modeling software. Facial approximation deals 
with generalized facial type which are deciphered 
from the basic skull characteristics. Acquisition 
volumetric data is another technique utilized in 
automated computerized facial approximations. The 
basic limitation of facial approximation system that 
Wilkinson56 describes is that there will always be some 
resemblance to original facial template used. Other 
than that, the method relies on tissue depth data, and 
validation studies for the same are yet to be done. 

Unlike the automated systems, this method requires 
3D modelling skills, anthropological and anatomical 
knowledge. A 3D model of the skull is also required, and 
can be easily obtained through the use of a laser-scanner57.

Conclusion
It can be concluded that the use of 3D modalities in 
forensics is a humanitarian approach as the evidence is not 
damaged during the handling and analytical procedures. 
With appropriate knowledge, the 3D scanning, modeling 
and printing can be used to bring innovative approaches 
in solving forensic cases. Routine collection of biological 
data using CT or laser scanning of skeletal structures will 
provide a permanent repository for information that can 
be used in absence of the skeletal collection or in case of 
fragile skeletal remains. Also a digital repository can be 
created for odontological and anthropological remains 
for creation of data base. The practice of scanning the 
remains would limit the commingling, loss, and damage 
to the physical specimens. The scanned and printed data 
can serve as evidence in court as well as allows to perform 
various analytic procedures by limiting repeated handling 
of evidence for forensic analysis. 3D technology can aid 
greatly in the field of forensics if appropriate protocols are 
developed and adapted.
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