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ABSTRACT

Forensic odontology majorly focuses on the identification of victims through the analyses of
oral and para-oral structures. Exposure to high temperatures and trauma can occur in mass
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disasters and may lead to the fracturing and fragmentation of teeth. These fragments may

become very fragile and easily damaged while handling. Conventional methodologies such
as the use of transparent nail polish, hair spray, cyanoacrylate or adhesives have been used
to stabilise the fragmented pieces. This study introduces a new and innovative digital tech-
nique that utilises three-dimensional surface scanning (3DSS) and rapid prototyping techni-
ques to reconstruct fractured portions of the teeth. The results of qualitative congruency
analysis suggest that over all variance of morphological error (0.0526 +0.05) mm. These
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results imply that the reconstructed 3D model can be used for various morphomet-

ric analyses.

Introduction

Forensic odontology is a branch of dentistry that
involves using oral and para-oral structures of
human remains such as teeth, mandibles, and maxil-
lae as part of criminal investigation and identifica-
tion in a variety of forms, especially for mass
disasters and accidents where the human remains
are decomposed, charred or skeletonised [1]. As per
the International Criminal Police Organization
(INTERPOL) guidelines, comparative dental analysis
is one of the primary methods for human identifica-
tion [2]. However, in mass disasters or in cases of
trauma to the maxillofacial region, teeth may frac-
ture. In some reported cases, fragmented bones and
teeth have been found at the site of the incident as
well as at the sites of mass disasters. In terms of
fragmentation, reconstructive techniques can be
applied. Transparent nail polish, hair spray, or
cyanoacrylate/adhesives have been used to stabilise
fragmented or fragile parts of teeth [3]. These
reconstructed teeth may be re-articulated in their
appropriate alveolar sockets and be used as add-
itional points of comparison [4] for identification or
investigation.

Three-dimensional (3D) computer
aided design and computer aided manufacturing
(CAD/CAM), and rapid prototyping [5] have taken
conventional dentistry to the next level of treatment.
In virtopsy, 3D imaging of human remains is a

scanning,

widely-accepted technique where the the principle
of triangulation is used [6]. Three-dimensional
imaging and printing is an emerging field in foren-
sics that would help the forensic odontologists in
the analyses of damaged dental remains and assist
in case presentations. Reconstructive forensic refers
to reconstruction and remodeling of fragmented and
missing elements of the evidence thereby recon-
structing the profile of evidence in question.
Integrating reconstructive forensic odontology with
digital manufacturing technologies would also be
beneficial, particularly when handling of fragmented
and burned dental remains could damage the speci-
mens. To the best of our knowledge, 3D scanning
and rapid prototyping techniques are not currently
used for the reconstruction of fractured/damaged
teeth. The study was conducted in the Laboratory of
Forensic Odontology at Gujarat Forensic Sciences

University (GFSU), Gujarat, India.

Materials and method
Study setting

The dental samples included 10 teeth (five maxillary
central incisors, five maxillary lateral incisors) from
the skeletal collections of Laboratory of Forensic
Odontology, GFSU.

CONTACT Abraham Johnson @ drabrahamjohnson4000@yahoo.com

© 2020 The Author(s). Published by Taylor & Francis Group on behalf of the Academy of Forensic Science.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://crossmark.crossref.org/dialog/?doi=10.1080/20961790.2020.1737462&domain=pdf&date_stamp=2022-03-03
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/20961790.2020.1737462
http://www.tandfonline.com

Optical scanning

A laser scanner (NextEngine 3D Laser Scanner,
Santa Monica, CA, USA) with an accuracy of
+0.040 pm (at Jet 3D Scan, Gujarat, India) was used
to obtain digital images/data for all 10 samples. The
resultant images provided a non-contact data collec-
tion from various angles covering the complete
geometry of the scanned tooth. 3D-surface triangu-
lar mesh was obtained in Standard Tessellation
Language (STL) format after assembling all the
measurements using Geomagic Studio software (3D
Systems, Rock Hill, SC, USA) (Figure 1). The 3D
models STL format) served as a reference model.

Sample preparation

A mortar and pestle were used to fracture all dental
samples (Figure 2).

3D reconstruction procedure

The fragmented tooth pieces were scanned individu-
ally using the structured light (Neway Dental
Scanner, Open Technologies, Brescia, Italy). These
pieces were then aligned using Geomagic Studio soft-
ware, as the alignment process is considered as the
most important part for the entire workflow. A
multi-point registration was performed manually, uti-
lising a set of few unique characteristic points on the
surface of the models (Figure 3). The automatic
matching process was initiated. This process used an
algorithm that relies on minimising the distance
(mean square error) between two objects with the
points on the crown and top of apices, as well as
points  determining the border of enamel
and dentine.

The procedure for registering 3D objects used in
this paper is commonly used in reverse engineering
as used in the fields of mechanical engineering, soft-
ware engineering and chemical engineering. Finally,
the reconstructed teeth were converted into STL
files and printed using poly lactic acid (PLA) mater-
ial by fused deposition modelling (FDM) technology
and photo polymerising resin using the stereolithog-
raphy (SLA) technique (Figure 4).

Further comparison was made between the recon-
structed and reference models through superimpos-
ition of data. The comparison analysis was performed
by an automatic algorithm implemented in Geomagic
software, which is a standard tool into technical com-
parisons of 3D models (Computer Aided Design sys-
tems). The parameters for analysis between surfaces
of the reconstructed 3D models and reference 3D
models were maximum distance (minimum and
maximum), average distance (minimum and max-
imum), and standard deviation (SD).
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Results
Metric analysis

Various linear odontometric measurements of the
teeth were obtained from the reference teeth and 3D
printed replicas. These measurements were used to
evaluate the accuracy of the reconstructed models
(Table 1). The following measurements were taken
using a digital sliding caliper (Aerospace Digimatic,
New Delhi, India):

1. Crown length (CL)—Maximum distance from
the incisal edge to the cervical line;

2. Mesio-distal width at incisal edge (MDI)—
Maximum distance from the mesial margin to
distal margin at the incisal aspect;

3. Mesio-distal width at cervix (MDC)—Maximum
distance from the mesial margin to distal mar-
gin at the cervical aspect;

4. Bucco-lingual width at incisal edge (BLI)—
Maximum distance from the buccal aspect to
the lingual aspect at incisal edge;

5. Bucco-lingual width at cingulum (BLC)—

Maximum distance from the buccal aspect to
the lingual aspect at the cervix; and,

Figure 1. Laser scanning of the tooth specimen (A) and the
3D model of the scanned specimen (B).

Figure 2. Fragmented tooth samples were obtained using a
mortar and pestle.
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Figure 3.
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A) Scanning of the fragmented tooth pieces using optical scanner.

B) 3D model obtained in Standard Tessellation

Language (STL) format. (C) Multi-point registration performed manually, fragmented.

Figure 4. Models of reconstructed teeth which were printed
using tooth printed by stereolithography (SLA) technique
and tooth printed by fused deposition modelling technology
(FDM) techniques (left to right, respectively).

6. Root length (RL)—Maximum distance from the
cervix at buccal aspect to the apex.

3D digital analysis

The utilisation of coloured images allowed for a
qualitative congruency analysis between reference
teeth and reconstructed teeth (Figure 5). The max-
imum error range was set between —0.05mm
and +0.05 mm, which is acceptable in craniometrics.
The areas of positive error are represented by the

yellow and red regions, and the areas of negative
error are represented by the blue regions. Areas
where the error is near zero are represented by green
regions. The mean+SD of the RMS values is
(0.0526 +£0.05) mm, implying the overall level of vari-
ance of morphological error 0.0526 +0.05. The aver-
age value and variance are represented as 0.0005 mm
and 0.0028 mm respectively. These results imply that
the reconstructed 3D model can be used for various
morphometric analyses with minimal variation from
the actual specimen.

Discussion

Three-dimensional surface scanning (3DSS) can col-
lect data from various directions/angles without
physically handling the specimen/object [7]. 3D
printing is an advanced technology that models
scanned data based on the object placed within the
device, and controls the precise 3D placement of the
printed material in order to create a model almost
identical to the original object [7]. One of the ear-
liest medical modelling applications involved the 3D
printing of anatomical study models [8]. Three-
dimensional printing is currently being used in the
biomedical sciences, and the methods regarding the
reconstruction of scanned images/objects are a
source of continual research [7]. The combination
of 3DSS and 3D printing technologies can be used
in forensic practice to reconstruct the fragmented
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Table 1. Linear odontometric measurements of the reference teeth and 3D printed replicas to evaluate (mm).

Maxillary central incisors

Maxillary lateral incisors

Crown-root

dimensions SP:1 SP:2 SP:3 SP:4 SP:5 SP:1 SP:2 SP:3 SP:4 SP:5

Crown length
N 11.71 11.15 12.40 10.95 11.21 9.10 9.86 9.79 8.51 8.43
SLA 11.44 11.01 12.09 10.65 11.17 9.12 9.65 9.67 8.51 8.14
FDM 11.49 11.06 12.27 10.21 11.05 9.07 9.77 9.58 8.76 8.35

Mesio-distal width

at incisal edge N 9.29 8.74 9.34 8.36 8.87 5.20 6.26 6.30 6.35 6.87
SLA 9.30 8.68 9.29 8.23 8.78 5.13 6.24 6.32 6.29 6.66
FDM 9.25 8.54 9.1 8.19 8.65 5.21 6.27 6.24 6.21 6.54

Mesio-distal width

at cervix N 7.67 6.92 573 591 6.12 4.80 4.44 5.18 4.47 4.69
SLA 7.64 6.84 5.45 5.47 6.23 476 434 5.12 4.45 4.56
FDM 7.64 6.67 5.21 534 6.11 4.83 443 5.21 432 4.72

Bucco-lingual width

at incisal edge N 434 2.28 2.47 2.07 3.18 2.15 1.38 212 2.25 243
SLA 3.76 2.12 2.23 21 3.16 2.02 1.31 2.10 2.21 232
FDM 4.02 234 2.43 212 3.21 2.10 1.24 2.09 2.16 241

Bucco-lingual width

at cingulum N 6.67 7.46 7.07 6.87 6.91 6.09 5.49 6.02 6.25 6.34
SLA 6.63 7.34 7.01 6.65 6.85 6.04 5.34 6.04 6.19 6.21
FDM 6.68 7.24 712 6.66 6.87 6.02 5.26 6.10 6.28 6.11

Root length
N 15.88 13.10 13.25 12.54 13.54 12.19 12.12 12.20 1335 13.34
SLA 15.33 13.12 13.22 12.50 13.28 12.08 12.12 12.24 13.36 13.38
FDM 15.29 13.09 13.19 12.47 13.34 12.10 12.07 12.10 13.12 13.38

SP: specimen; N: natural tooth; SLA: tooth printed by stereolithography technique; FDM: tooth printed by fused deposition modelling technology.
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Figure 5. Qualitative congruency analysis performed on images of a reference tooth and a reconstructed tooth specimen.

and burned remains. This would most certainly be a
field of interest for use by many forensic practi-
tioners [9].

In situations of mass disasters, the literature men-
tions the use of conventional methods and techniques
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of using glue, cyanoacrylate cement, and hair spray
to stabilize and reconstruct the fragmented bones [9]

and tooth pieces [3,4]. For individualisation

and

identification, teeth are one of the most important
methods, hence the reconstruction of fragmented
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teeth would be of great benefit. However, by using
adhesive or cement the brittle dental remains may
further fragment/fracture due to improper handling
or manual pressure. To overcome these limitations
the present study was designed to reconstruct the
fragmented remains using digital scanning and man-
ufacturing techniques.

With the advancement in technology, the 3D sur-
face scanning has proved to give accurate reproduci-
bility [10]. This precision is reflected by an accuracy
range of +0.05mm for the reconstructed tooth. The
morphometric and digital analysis of the recon-
structed tooth using this 3D technique can be an aid
in morphological and metric analyses which may
lead to identification. In case of availability of the
skeletal remains, the reconstructed tooth can be
placed in the socket and the accuracy of the place-
ment can be assessed using radiovisuography. In
presence of antemortem data, the reconstructed tooth
can aid in comparative identification. Additionally,
teeth are a good source of genetic material for identi-
fication [7]. DNA can be extracted from enamel,
dentin and pulp [11, 12]. However, in the process of
extracting DNA for genetic analysis, the tooth pieces
may be irreversibly destroyed [7]. Hence, if teeth are
reconstructed digitally, the fragmented pieces may be
used for DNA extraction and the reconstructed 3D
printed tooth may be used for further analysis and
presentation in courtroom. The printed tooth models
can further act as a tool for metric analysis aiding in
sex determination and age estimation. Also, the non-
metric traits can be assessed and assist in determin-
ing population differentiation [13]. Apart from com-
parative identification, this may also help in
reconstructive identification by determining the
shape, thickness, and position of lips in cases involv-
ing anterior teeth and establishing occlusion in case
of posterior teeth which shall aid in forensic facial
reconstruction/approximation without further damag-
ing the remains [14,15].

Limitations of this approach includes the require-
ment for a special setup and expert intervention,
high cost, material selection for printing, need for
accurate/precision scanning device, and the inability
to assess unrestored and restored teeth. Although
with time and improved technology, this technique
may become more economical and widely used.
Further research on addressing the unrestored/
restored teeth is planned and will be addressed in
the future.

Conclusion

Teeth fragmented into multiple pieces may be
reconstructed using 3DSS and 3D printing technol-
ogy with high precision. The model/reconstructed

tooth may aid in various forensic investigations as
well as in forensic facial reconstruction, where the
fragments are too fragile to handle by an analyst or
when the fragmented pieces may be removed and
used for DNA extraction/analysis. The digital manu-
facturing methods produced an accuracy range
of +0.05mm. Standardising the method of recon-
struction of teeth owing to accuracy of scanning
and printing devices in the forensic field is still
required. The process of fragmented tooth recon-
struction shall be continued in further studies.
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