Assessment of the accuracy of 3D printed teeth by various 3D printers in

forensic odontology

Abstract:

Additive manufacturing technology has benefited many sectors, and its use in forensic
sciences has opened up a variety of new opportunities for analysing and exhibiting forensic
materials. However, to perform analytical procedures on 3D printed bones and teeth in
forensic odontology, the metric and morphological precision of the printed replicas must first
be validated. To address this, the present study was undertaken using 12 extracted human
teeth that were 3D printed using five different techniques. Manual measurements and a digital
mesh comparison were used to evaluate the metric precision of all samples. The findings
showed that the printed replicas were accurate to within 0.5 mm of the actual teeth. It was
suggested that Digital Light Processing (DLP) prints be used for potential forensic

odontology applications based on measurements, digital comparison, and ease of use.
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Introduction

Three-dimensional (3D) printing, also known as additive manufacturing, is the process of
layering material sequentially to create a physical three-dimensional object from a digital
model.>? The process of making a 3D printed model from a digital model consists of four
major steps: acquisition of 3D image data or designing a 3D model, segmentation and
cleaning of acquired data, mesh conversion to a 3D model, and final data transfer to a 3D
printer.3 With the advent of 3D scanning and printing technology, their applications have
been developed across industries such as medicine, dentistry, entertainment, forensic
sciences, archaeology, etc.*® 3D printing is being used in various forensic science sub-
disciplines such as anthropology, nursing, crime scene analysis, ballistics, and odontology to
produce 3D physical injury models,®’ reconstruction of fragmented specimens,®® evidence

reconstructions®® and for demonstration in courts of law.1112

Applications of 3D printing in Forensic Odontology

In the last 10 years, 3D printing has dramatically improved clinical dentistry with the advent
of cone beam computed tomography and intraoral scanning technologies. These scanning and
printing methods have been used for the preparation of surgical guides, restorations,
orthodontic appliances and physical models in clinical dentistry.*> However, the utilization
of 3D printing in forensic odontology has been limited. 3D scanning and printing have been
used to reconstruct missing teeth from empty dental sockets (forensic tooth reconstruction) 6
and to restore fragmented teeth!’, where reconstructed teeth were checked for odontometric
precision. Previously, 3D scanning and printing were used for bitemark analysis.*® Ebert et
al” scanned a bitemark from the victim's skin and then printed it for improved visualisation,
enabling them to successfully compare the bitemark injuries on the surface with the dental

cast of the alleged offender.



Accurate 3D printed models could be used to estimate a person's age based on the sequence
of dental eruptions. Accurate models may also be used for average grading of attrition (Li and
Ji method), where direct inspection can be difficult due to poor visualisation, in sex
determination and population identification studies 12! Bitemark analysis, can be difficult
due to photo distortion or a progressive reduction in injury intensity.?> 3D scanning and
printing of bitemark injuries can be useful for visualization’ but also for metric assessment*®,
3D superimposition?® and also for the presentation of evidence. Recreation of bitemarks using
3D printing could lead to the full preservation and replication of tooth forms, lesions and
abnormalities?®, as well as the 3D reconstruction of bitemarks from food products.?® 3D
scanning and printing technology can also be useful for analysis of cheiloscopy, rugoscopy
and tongue prints.?® 3D technology has also been proven to be effective in the demonstration
of trauma and accident reconstructions.*?728 |n fact, 3D printing fracture demonstrations can
be used to illustrate the injury process®®3° as well as aid in restoration of fragmented
specimens, that can be more useful in craniofacial identification ®° 3D digitisation techniques
can play an important role in the identification of a cranium through facial reconstruction.3:3
Forensic artists have produced facial reconstructions of victims using 3D printed skulls from
computed tomography (CT) scan data.®® Digital imaging techniques can be particularly useful

in forensic analysis, where religious beliefs do not allow maceration of the deceased.*

Additive manufacturing processes
The American Society for Research and Materials in the United States (ISO/ASTM 52900)
has categorised 3D printing technologies based on manufacturing methods into the following
categories:

e Material Extrusion: Fused Deposition Modeling (FDM) or Fused Filament

Manufacturing (FFF) employs thermoplastic filaments made of polymers such as



acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA) that are extruded via
the printer bed's nozzle.*®

e Vat Polymerization: Most of the printers using this method is a stereolithography
(SLA) printer. In these printers, a thin film of light curable resin is mounted on the
printer bed, which is then cured using a UV laser.®” The other type of printer using
this method is Digital Light Processing (DLP) where UV polymerized resins are cured
by flash operation.?

e Powder bed fusion: The method adds thin layers of powder to the printing bed,
which are melted using thermal energy from the laser. Selective laser melting (SLM)
printers use metals or ceramics as powder.®3 Selective laser sintering (SLS) heats
and fuses the powder. The powder of glass, metal or ceramic is used for this
procedure.®

Other printing techniques include polyjet which utilises liquid photopolymer, which is cured
to create a 3D object.>® whereas binder jetting (BJ) utilises a jet of liquid bonding agent is
utilised fuse successive layers of powder of bed of gypsum, metal or acrylic.?® Adhesive is
utilised to bond layers of paper, plastic or metal composite in sheet lamination technique.®
Electron beam melting (EBM) printers are similar except they use a high voltage electron

laser beam to melt metal powders.*°

Model Accuracy

The accuracy of a 3D printed model depends on a variety of factors, such as imaging and
scanning resolution, modelling parameters and type of printer, object to be printed and post-
processing.®424% In order to maintain scientific standards, evidential integrity, and provide
unbiased evidence, it may be important to check the accuracy of 3D printed models for

forensic analysis and admissibility of 3D printed artefacts in a court of law.'° Research has



begun to investigate the metric accuracy of 3D printed skeletal models' using both manual
and digital comparison methods. In recent study conducted using 3D printed dry human
mandibles, the accuracy of reconstructions of anatomical landmarks, bone defects, and intra-
socket dimensions were assessed; where FDM and DLP technique showed no significant
difference, however deviations were observed when compared to gold standard.**In another
study conducted for fabrication of dental prostheses it was found DLP technique gave
accurate results with less deviation.*® The present study investigates five different 3D printers
and printing materials to determine the accuracy of the printed models and to work towards
validation of 3D printed teeth for use as demonstrative evidence in a courtroom. The
objective of this study was to quantitatively determine the accuracy of the 3D printed teeth

using both manual and digital comparison techniques.



Materials and Methods

Data Collection

The study was conducted using a total of 12 extracted human teeth, comprising of single
rooted (n=8) (maxillary and mandibular incisors, premolars) and multi rooted (n=4)
(maxillary and mandibular molars) teeth obtained from the archives of Laboratory of
Forensic Odontology, National Forensic Sciences University (NFSU), Gujarat, India. For this
study, only teeth with intact morphology were selected; consciously teeth with complex
anatomy were selected to test the accuracy of printing. A direct measuring method, using
digital vernier callipers (Aerospace Digimatic, New Delhi, India) based on the conventional
odontometrics was utilized to collect the linear measurements of the extracted teeth. Nine
odontometric measurements were obtained by two observers (each with >5years of
experience in odontology): crown length (CL), root length (RL), total tooth length (TTL),
mesio-distal crown diameter at the cervix (MDCV), bucco-lingual crown diameter at the
cervix (BLCV), mesio-distal diameter at the incisal edge (MDI), mesio-distal diameter at the
occlusion (MDO), bucco-lingual crown diameter at the incisal edge (MDI) and bucco-lingual

crown diameter at the occlusion (BLO).

3D Scanning, model preparation, 3D printing and post processing of the printed models

Each tooth was scanned using a Medit i500 Intra-oral handheld laser scanner (Seoul, South
Korea). The scan data were processed in the Medit software where post-processing (such as
base removal and cleaning) of the acquired 3D model and conversion of the model to the
stereolithography (.stl) file format was carried out.**The resultant .stl files were printed on

independent printers using five different 3D printing technologies detailed below.



Sr. No. | Type of 3D Printing Printer Model Specification for printing
1 Fused deposition | Flashforge™ Guider 2 3D | Material used was Polylactic
modelling technique | printer (Zhejiang | acid (PLA) with a single nozzle,
(FDM) Flashforge3D Technology | nozzle diameter 0.4 mm,
Inc., Zhejiang, China) precision * 0.1-02 mm,
thickness is 0.05-0.4 mm, speed
10-200 mm/.
2 Stereolithography (SLA) | Z Rapid (China)3D | Material used was ZR680 with a
printers layer thickness of 0.1mm.The
support structures were manually
removed post-printing  using
tweezers
3 Selective Laser | 3DSYSTEM (USA) The material used was
Sintering (SLS) duraform prox pa plastic with
a layer thickness of 0.1mm
4 Multijet fusion | HP (India) printers Material used was HP MJF
technology (MJF) PA12 with a layer thickness
of 0.1mm.
5 Digital Light | ENVISIONTEC Material used was ABS
Processing (DLP) (GERMANY) printer TOUGH M. The layer
thickness was 0.1mm and the
support  structures  were
removed using tweezers.

Table 1: Different types of printing techniques use.

Subsequently, the 3D printed tooth models were scanned for digital comparison using the

same hand-held laser scanner that obtained the original scans.




Digital Comparison

Mesh to mesh comparison was utilised to perform digital quantitative analysis using an open-
source free software, CloudCompare (v2.11.2, (Anoia) Stereo [64-bit], for windows), as used
by Robles et al.*” The scanned specimens were individually considered as the “reference
model” and the scanned 3D printed models the “test model”. The scanned 3D printed teeth
were registered in respect to the “reference model” using the registration tool to align the
models. Using the cloud-to-mesh distance tool*3, the difference between the reference model
and the test model was calculated, which provided the mean distance (root mean square,
RMS) with standard deviations for each comparison. Colour scalar maps were also generated

for graphical visualisation of any metric differences.

Cross-sectional Model analysis

Geomagic qualify (3D systems, Morrisville, North Carolina) was used to perform cross-
sectional model (CSM) analysis, as similarly performed by Elisova 2020*°. Reference models
and test models were registered with each other using 'Best-fit alignment'.>°Longitudinal
cross-section and the occlusal cross-section were generated using 2D comparison tool. Using
the 2D comparison tool, the plane was aligned along the long axis of the tooth, resulting in a
longitudinal cross-section after which 2D deviations were measured. Similar steps were
employed for generating occlusal cross-sections by aligning the plane along the occlusal table
and 2D deviations were computed. These steps resulted in 2D representations of the sections

that demonstrated the difference between the two compared models.

Statistical Analyses


https://en.wikipedia.org/wiki/Morrisville,_North_Carolina

Manual and digital odontometric data were analysed using Microsoft Excel version 16.42 for
Mac (Microsoft, Redmond, WA, US). Interobserver distance values were analysed using
within-subject standard deviations (wSD; square root of average standard deviation) and 95
per cent repeatability (as previously used in [Carew 2018; Brough 2013]).1%5! Using the mean
manual comparison data of the two observers, the accuracy of the printed teeth were
determined by subtracting the mean value measured from the printed tooth from the mean
value measured from the initial tooth (as previously performed in [Carew 2018]). The
absolute mean of differences across both measurements was then compared per printer and
per sample to determine the accuracy across the printed teeth.

For the digital comparison data, the RMS, mean distance, and standard deviation values
obtained from CloudCompare were assessed by calculating mean values per printer and per

sample (as above).



Results

All twelve different tooth samples were created using the five different 3D printers (n=60

printed teeth). Figure 1 illustrates the printed maxillary first premolars from each printer.

Figure 1. 3D printed teeth and original tooth from left to right: Natural tooth, FDM printed
tooth, SLS printed tooth, DLP printed tooth, SLA printed tooth and MJF printed tooth.

Inter-observer Error

Odontometric measurements taken by the two observers from the printed and original teeth
were analysed to assess inter-observer reliability. The inter-observer comparison
demonstrated low difference values (<0.05 mm) and thus good reliability. Absolute mean
differences and standard deviations per sample, between Observer 1 and Observer 2 data
ranged from 0.01 mm to 0.05 mm (Table 2), wSD ranged from 0.10 mm to 0.26 mm, and 95
percent repeatability ranged from 0.26 to 0.47 mm. Absolute mean differences and standard
deviations per measurement between Observer 1 and Observer 2 data ranged from 0.01 mm
to 0.04 mm (Table 3), wSD ranged from 0.08 mm to 0.20 mm, and 95 percent repeatability
ranged from 0.22 to 0.55 mm. A paired t-test of absolute mean differences resulted in p-
values > 0.05, indicating that there were no statistically significant differences observed

between the data obtained by the two observers.



Table 2 Interobserver data per sample: Absolute mean of observer differences, mean
standard deviation (SD), within-subject standard deviations (wSD) and 95% repeatability
(mm)

Sample Abs mean difference Mean SDs wSD 95 % repeatability

1 0.01 0.01 0.10 0.28
2 0.01 0.01 0.12 033
3 0.05 0.04 0.23 0.63
4 0.01 0.01 0.10 0.27
5 0.01 0.01 0.09 0.24
6 0.03 0.02 0.17 047
7 0.02 0.01 0.13 0.36
8 0.02 0.01 0.13 0.35
9 0.01 0.01 0.10 0.26
10 0.01 0.01 0.10 0.29
11 0.02 0.01 0.15 0.40
12 0.07 0.05 0.26 0.73

Table 3 Interobserver data per measurement: Absolute mean of observer differences, mean
standard deviation (SD), within-subject standard deviations (wSD) and 95% repeatability
(mm)

Measurement Abs mean difference Mean SD wSD 95 % repeatability
Crown Length 0.03 0.02 0.18 0.49
Root Length 0.04 0.03 0.20 0.55
Total Tooth Length 0.02 0.01 0.13 0.37
MD at cervix 0.04 0.03 0.20 0.54
MD at occlusion 0.01 0.00 0.08 0.23

MD at incisal edge  0.01 0.00 0.08 0.22




BL at cervix 0.01 0.01 0.12 0.32
BL at occlusion 0.01 0.01 0.09 0.26

BL at incisal edge 0.01 0.01 0.09 0.24

Manual comparison
The difference between the manual odontometric measurement data taken from the printed
teeth and the measurement data taken from the original teeth were used to determine the

accuracy of the printed teeth.

Absolute mean differences for all tooth measurements per printer are seen in Table 4 and for
each sample in Table 5. All mean difference values were less than 0.5 mm showing the
precision when compared to the dimensions of the original tooth, except for one sample
(FDM sample 10). The prints with the highest trueness (lowest absolute mean
differences)*>were sample 4 from printer MJF and sample 8 from DLP, both with absolute
mean differences of 0.07 mm. The FDM prints showed the lowest trueness (maximum
absolute mean difference) with an absolute mean difference of 0.78 mm for sample 10 from

the FDM printer

Table 4 Manual comparison difference (printed tooth value minus original tooth value)
results per printer (mm), (absolute, abs), (standard deviation, SD) (*lowest difference, )

Printer Mean Abs Mean Min Abs Mean Max Abs Mean Mean SD

FDM 0.30 0.08 0.78 0.25
MJF 0.24 0.07* 0.43 0.21
DLP 0.21 0.07* 0.40 0.20

SLA 0.26 0.09 0.46 0.25




SLS 0.24 0.12 0.49 0.22

Table 51 Manual comparison difference (printed tooth value minus original tooth value)
results per sample (mm), (absolute, abs), (standard deviation, SD) (*lowest value,)

Sample Mean Abs Mean Min Abs Mean Max Abs Mean Mean SD

1 0.33 0.17 0.45 0.32
2 0.26 0.17 0.33 0.28
3 0.24 0.14 0.34 0.21
4 0.20 0.07* 0.36 0.16
5 0.19 0.13 0.26 0.13
6 0.22 0.18 0.30 0.21
7 0.13 0.08 0.22 0.12
8 0.12 0.07* 0.22 0.11
9 0.30 0.25 0.42 0.24
10 0.51 0.38 0.78 0.48
11 0.26 0.16 0.33 0.23
12 0.24 0.14 0.40 0.20

Digital comparison

The digital comparison performed using CloudCompare provided distance values (RMS) of
the difference between the printed tooth and the original tooth. Figures 2 and 3 show distance
maps and graphs between the natural and printed tooth of Sample 10 (sample 10 showed
maximum difference between the printed and original specimen). Mean RMS values are
presented by printer (Table 6) and by sample (Table 7). The mean RMS values ranged from
0.04 to 0.19 mm, which were less than 0.5 mm and thus within the accuracy threshold

demonstrating the accuracy of the original tooth.



The highest trueness observed 2 was for sample 6 from the DLP printer (RMS 0.04 mm), and

the lowest trueness observed was for sample 9 from the FDM printer (RMS 0.19 mm).

Table 6 Digital comparison results per printer (mm)

Printer Mean RMS Min RMS Max RMS Mean SD

FDM 0.12 0.04 0.19 0.18
DLP 0.07 0.04 0.13 0.13
MJF 0.07 0.04 0.11 0.11
SLA 0.08 0.05 0.14 0.11
SLS 0.10 0.06 0.14 0.12

Table 7 Digital comparison results per sample (mm)

Sample Mean RMS Min RMS Max RMS Mean SD

1 0.07 0.05 0.09 0.06
2 0.08 0.07 0.10 0.07
3 0.08 0.05 0.11 0.07
4 0.08 0.05 0.14 0.07
5 0.08 0.05 0.10 0.08
6 0.09 0.04 0.16 0.06
7 0.07 0.05 0.09 0.05
8 0.05 0.04 0.06 0.05
9 0.14 0.11 0.19 0.12
10 0.09 0.07 0.14 0.08
11 0.12 0.09 0.19 0.11

12 0.10 0.08 0.13 0.09
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Figure 2: Colour scales showing cloud to mesh distances between Original and different 3D
printed teeth for Sample 10
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Figure 3: Colour graphs showing Cloud to mesh distances differences between Original and
different 3D printed teeth for Sample 10

Cross-sectional Model analysis



CSM analysis was performed in occlusal and longitudinal cross-section for tooth sample 6 (a
premolar). The results (shown in Figure 4) demonstrated the areas of differences between a
DLP printed tooth and the original tooth, and an FDM printed tooth with the original tooth
using a colour scale. All differences observed were less than the accuracy threshold of 0.5
mm, with higher distance values seen on the CSM for the FDM sample (RMS 0.0917 mm
occlusal, RMS 0.1119 mm longitudinal) compared with the DLP sample (RMS 0.0463 mm

occlusal, RMS 0.0561 longitudinal).

2D distance deviations between the printed and original teeth were visualised along the tooth
surface. Figure 5 illustrates the morphological differences between the longitudinal cross

sections of original (purple outline) and 3D Printed (black outline) teeth.

Figure 4 Cross-sectional Model (CSM) analysis for tooth sample 6 in occlusal view (left
images) and longitudinal view (right images) for re-scanned printed teeth DLP (upper
images) and FDM (lower images) compared with the reference model (scanned original
tooth). 2D deviation data and scale indicating differences between printed teeth and original
teeth are shown (red being positive differences, and blue being negative differences). Scale
bar values differ per image.
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Figure 5 Morphological differences between the longitudinal cross sections of original
(purple outline) and different 3D Printed (black outline) teeth to visualise discrepancies
between them (Sample 10)



Discussion

Metric analysis is required for numerous analytical procedures conducted for dental age
estimation, bitemark analysis, sex and ancestry identification.®° In order to conduct forensic
analysis using 3D printed models, it is important to determine the dimensional accuracy of
the 3D printed dental models and to determine which technology generates the model with
the highest accuracy. There are studies that illustrate the accuracy of 3D printing models, but
to the best of our understanding, the vast majority®?®2 yse a comparison of linear
dimensions rather than a comparison of deviation levels. The present study explored the
dimensional accuracy of 3D printed dental models developed using five separate 3D printers.
This preliminary study is one of the few studies investigating the accuracy of 3D printed teeth

using manual metrics and digital analysis.

Rebong et al.*>® revealed that 3D printed dental models produced with stereolithography,
polyjet and fused deposition modelling (FDM) varied statistically from plaster models.
Hazevald and co-workers carried out another study of multiple rapid prototyping techniques
such as digital light processing, Polyjet printing, and 3D printing utilizing stone powder and
highlighted that rapid prototyping techniques could replace stone models in the manufacture
of orthodontic instruments.?! The statistics performed to calculate interobserver reliability in
the present study showed no apparent error and presented values <0.05mm. Statistics
conducted to perform a comparison of models produced using various printers indicated that
absolute mean difference values (less than 0.5 mm) were accurate, except for one incidence
in that of sample 10, printed using FDM technology. The prints with the highest trueness
observed were for sample 4 from MJF printer and sample 8 from DLP, both with absolute

mean differences of 0.07 mm. The FDM prints showed the lowest trueness (maximum



absolute mean difference) with an absolute mean difference of 0.78 mm for sample 10 from

the FDM printer.

The colour maps produced for the digital analysis revealed that the dimensions of the STL
file of the original tooth were similar to those of the STL of the dental models printed with
DLP and MJF (mean RMS 0.07 mm), whereas the maximum discrepancy was observed with
the FDM prints (mean RMS 0.12 mm). The colour maps demonstrated that the variance was
usually found in the furcation region of the base (for multirooted) , the occlusal groove, and
the root apex, which are confluent with the results of Lee et al.>* This is most likely due to
difficulties in scanning complex structures such as furcation and overlapping of the scans.
The post processing of the scans also contributes to this distortion. According to Bibb et al.*®,
surfaces that are obscured or obtuse from the line of light cannot be scanned, resulting in the
development of "void." This disparity in scanning and processing of scanned data may have
an effect on the efficiency of 3D printing, as reported by Carew et al'® that 3D scanning and
modelling parameters are more important than printing resolution. Nevertheless, the
variances observed were minimal and (with the exception of one comparison) within the

threshold for accuracy in this study.

In addition to scanning criteria, basic knowledge of printing techniques is important to
understand dimensional errors. FDM printers use poly lactic acid (PLA), a thermoplastic
material that melts at a certain temperature to create a print with a very low resolution.>® The
thickness of the layer also influences the resolution of the printing process. However, the
prints produced from the various printers tested in this study were accurate, but more factors
about the aesthetics of printing, the cost of selecting a printer, the time taken to print should

be acknowledged as contributing to the final product.'® The FDM printers used in this study



were cheaper when compared to the costlier SLS and MJF (INR 2000/- to 3000/- for 12
prints) produced the prints that showed maximum dimensional error, were unesthetic owing
to the visible layer lines and had longer post-processing time. FDM technology exhibited a
significant variation in metrics, since the thermoplastic material melts at higher temperatures
and is then laid down on the previously defined path. The layer lines are formed by the
deposition of successive layers over the previous layer, that exerts force on the underlying
areas. The constant variation in the temperature may result in warping and dimensional
instability. Based on the practicality of usage and parameters mentioned above DLP
technology is preferred, for its aesthetics, economical when compared to MJF and SLS
printers (INR 800/- to 1000/- for 12 prints).. Further studies are indicated using incisors,
canines, premolars and molars (with and without anomalies) to evaluate the printing accuracy
in respect to complex anatomy and reproducibility owing to smaller size. Based on reviewers
comments teeth were reprinted using DLP technique with layer thickness of 0.1mm which
showed minimal difference of 0.20 mm, which showed accuracy when compared to other

techniques.



Conclusion

This preliminary study, undertaken to quantitatively compare the metric accuracy of 3D
prints from a forensic odontology point of view is the first of its kind in India which
demonstrated that:

e Though the differences were observed between all the 3D printed and original teeth.
However it was observed that the minimal deviation from the original was observed
in DLP printed teeth at 0.05mm and 0.1mm.

e The manual odontometric data obtained were reliable between observers

e 3D printed teeth were accurate to within 0.5 mm (with one exception) following a
manual comparison

e The 3D prints obtained from all five printers were accurate to within 0.5 mm
following a digital comparison

e Cross-sectional Model (CSM) analysis demonstrated minimal discrepancies, thus
showing morphological accuracy.

e A final consideration of all parameters indicated that DLP prints were preferable
overall within the limitations of the study.

Accurate scanning and modelling are important for effective and accurate 3D printed teeth
models, and digital comparison studies can be performed straightforwardly accessibly using
open-source software. Further work is required to explore 3D printing capabilities in cases
representing burnt remains and traumatic events. This study adds to the growing body of
literature discussing and addressing the validity and reliability of 3D printed replicas as

demonstrative evidence in the forensic sciences, and specifically in forensic odontology.



References

1. Berman B. 3-D printing: the new industrial revolution. Bus Horiz. 2012;55(2):155—
162.doi:10.1016/j.bushor.2011.11.003

2. Day, P. J., & Speers, S. J. (2020). The assessment of 3D printer technology for forensic
comparative analysis. Australian Journal of Forensic Sciences, 00(00), 1-11.

https://doi.org/10.1080/00450618.2019.1609088

3. Bernardini F, Rushmeier H. 2002. The 3D model acquisition pipeline. Computer Graphics
Forum 21:149-172.

4. Chougule VN, Gosavi HS, Dharwadkar MM, Gaind AA. Review of Different 3D
Scanners and Scanning Techniques. 2018;41-4.

5. Hodgdon T, Danrad R, Patel MJ, Smith SE, Richardson ML, Ballard DH, et al. Logistics
of three-dimensional printing: primer for radiologists. Acad Radiol 2018;25(1):40-51.

6. Grassberger M, Gehl A, Puschel K, Turk EE. 3D reconstruction of emergency cranial
computed tomography scans as a tool in clinical forensic radiology after survived blunt
head trauma-report of two cases. Forensic Sci Int 2011;207:e19-23.

7. Ebert LC, Thali MJ, Ross S. Getting in touch — 3D printing in forensic imaging. Forensic
Sci Int 2011;211:e1-6.

8. Jani, G., Johnson, A., Parekh, U., Thompson, T., & Pandey, A. (2020). Forensic Science
International : Synergy Effective approaches to three-dimensional digital reconstruction of
fragmented human skeletal remains using laser surface scanning. 2, 215-223.

https://doi.org/10.1016/j.fsisyn.2020.07.002

9. Jani, G., Johnson, A., & Belcher, W. (2020). Case report: Digital restoration of fragmented
non-human skull. Forensic Science International: Reports, 2(February), 100070.

https://doi.org/10.1016/j.fsir.2020.100070



https://doi.org/10.1080/00450618.2019.1609088
https://doi.org/10.1016/j.fsisyn.2020.07.002
https://doi.org/10.1016/j.fsir.2020.100070

10.

11.

12.

13.

14.

15.

16.

17.

18.

R.M. Carew, R.M. Morgan, C. Rando. A preliminary investigation into the accuracy of 3D
modeling and 3D printing in forensic anthropology evidence reconstruction J. Forensic
Sci., 64 (2018), pp. 342-352

Errickson D, Thompson TJU, Rankin BWJ. The application of 3D visualization of
osteological trauma for the courtroom: a critical review. J Forensic Radiol Imaging
2014;2(3):132-7.

Baier W, Warnett JM, Payne M, Williams MA. Introducing 3D printed models as
demonstrative evidence at criminal trials. J Forensic Sci 2018;63(4):1298-302.

Strub JR, Rekow ED, Witkowski S. Computer-aided design and fabrication of dental
restorations: Current systems and future possibilities. J Am Dent Assoc 2006;137:1289-96
Flugge TV, Nelson K, Schmelzeisen R, Metzger MC. Three-dimensional plotting and
printing of an implant drilling guide: Simplifying guided implant surgery. J Oral
Maxillofac Surg 2013;71:1340-6.

Al Mortadi N, Eggbeer D, Lewis J, Williams RJ. CAD/CAM/AM applications in the
manufacture of dental appliances. Am J Orthod Dentofacial Orthop 2012;142:727-33.
Johnson A, Jani G, Pandey A, Patel N. 2019. Digital tooth reconstruction: An innovative
approach in forensic odontology. J Forensic Odontostomatol Dec;(37): 3-12:20

Abraham Johnson, Gargi Jani, Joe Adserias Garriga & Astha Pandey (2020) Digital
reconstruction of fragmented tooth remains in forensic context, Forensic Sciences

Research, DOI: 10.1080/20961790.2020.1737462

Thali, M. J., Braun, M., Markwalder, T. H., Brueschweiler, W., Zollinger, U., Malik, N. J.,
Yen, K., & Dirnhofer, R. (2003). Bite mark documentation and analysis : the forensic 3D /
CAD supported photogrammetry approach $. 135, 115-121.

https://doi.org/10.1016/S0379-0738(03)00205-6



https://doi.org/10.1080/20961790.2020.1737462
https://doi.org/10.1016/S0379-0738(03)00205-6

19.

20.

21.

22.

23.

24,

25.

26.

27.

Chaudhary, R. K., Doggalli, N., & Patil, K. (2018). Review Article. 59-65.
https://doi.org/10.4103/ijfo.ijfo

Cuperus AM, Harms MC, Rangel FA, Bronkhorst EM, Schols JG, Breuning KH, et al.
Dental models made with an intraoral scanner: A validation study. Am J Orthod
Dentofacial Orthop 2012;142:308-13.

Hazeveld A, Huddleston Slater JJ, Ren Y. Accuracy and reproducibility of dental replica
models reconstructed by different rapid prototyping techniques. Am J Orthod Dentofacial
Orthop 2014;145:108-15.

Rothwell BR. Bite marks in forensic dentistry: A review of legal, scientific issues. J Am
Dent Assoc 1995;126:223-32.

Avon SL. Forensic odontology: The roles and responsibilities of the dentist. J Can Dent
Assoc 2004;70:453-8.

Fournier, G., Savall, F., Galibourg, A., Gély, L., Telmon, N., & Maret, D. (2020). Three-
dimensional analysis of bitemarks : A validation study using an intraoral scanner. 309.

https://doi.org/10.1016/j.forsciint.2020.110198

Naether, S., Buck, U., Campana, L., Breitbeck, R., & Thali, M. (2011). The examination
and identification of bite marks in foods using 3D scanning and 3D comparison methods.
April 2014. https://doi.org/10.1007/s00414-011-0580-7

Liscio E. Forensic Magazine. Forensic Uses of 3D Printing; 2013, Avaialable from:

http://www.forensicmag.com/articles/2013/06/ forensic-uses-3d-printing.

Blau S, Phillips E, O’Donnell C, Markowsky G. Evaluating the impact of different formats
in the presentation of trauma evidence in court: A pilot study. Aus J Forensic Sci;51:695—

704. Journal. doi:10.1080/00450618.2018.1457717.


https://doi.org/10.1016/j.forsciint.2020.110198
http://www.forensicmag.com/articles/2013/06/

28.

29.

30.

31.

32.

33.

34.

35.

36.

Errickson D, Fawcett H, Thompson TJU, Campbell A. The effect of different imaging
techniques for the visualisation of evidence in court on jury comprehension. Int J Legal
Med. 2019.d0i:10.1007/s00414-019-02221-y.

Scott C. Could 3D Printed Fingerprints Help Criminals Break Through Security? MSU
Researchers Demonstrate It’s Possible.3D Design, 3D Printing, Business, Science and
Technology; 2016.

Kettner M, Schmidt P, Potente S, Ramsthaler F, Schrodt M. Reverse engineering — Rapid
prototyping of the skull in forensic trauma analysis. J Forensic Sci 2011;56:1015-7.

3D Printed Skulls Presented as Evidence in Murder Trial, in a First for the British Legal System

https://3dprint.com/133715/ellie-butler-murder-trial/ (last accessed 22/10/2020)

Schuh P, Scheurer E, Fritz K, Pavlic M, Hassler E, Rienmiiller R, et al. Can clinical CT
data improve forensic reconstruction? Int J Legal Med 2013;127:631-8.

Wilkinson C. 2005. Computerized forensic facial reconstruction: a review of current
systems. Forensic Science, Medicine and Pathology. 1: 173-178.

Carew, R. M., Viner, M. D., Conlogue, G., Marquez-grant, N., & Beckett, S. (2019).
Journal of Forensic Radiology and Imaging Accuracy of computed radiography in
osteometry : A comparison of digital imaging techniques and the e ff ect of magni fi cation.
19(October). https://doi.org/10.1016/j.jofri.2019.100348

Carew, R. M., Sc, M., Errickson, D., & Ph, D. (2020). An Overview of 3D Printing in
Forensic  Science: The Tangible Third-Dimension *. 65(5), 1752-1760.

https://doi.org/10.1111/1556-4029.14442

Long J, Gholizadeh H, Lu J, Bunt C, Seyfoddin A. Application of fused deposition
modelling (FDM) method of 3D printing in drug delivery. Curr Pharm Des.

2017;23(3):433-439 doi:10.2174/1381612822666161026162707


https://3dprint.com/133715/ellie-butler-murder-trial/
https://doi.org/10.1111/1556-4029.14442

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

Groth C, Kravitz ND, Jones PE, Graham JW, Redmond WR. Three-dimensional printing
technology. J Clin Orthod. 2014;48(8):475-485.

Bogue R. 3D printing: the dawn of a new era in manufacturing? Assembly Automation.
2013;33(4):307-311. doi:10.1108/AA-06-2013-055

Gardan J. Additive manufacturing technologies: state of the art and trends. Int J Prod Res.
2016 2016 May 18;54(10):3118-3132. doi:10.1080/00207543.2015.1115909
Bhattacharjee N, Urrios A, Kang S, Folch A. The upcoming 3D-printing revolution in
microfluidics. Lab Chip. 2016;16(10):1720-1742. doi:10.1039/c61c00163g

Wong KV, Hernandez A. A review of additive manufacturing. ISRN Mech Eng.
2012:(2012).

Ford JM, Decker SJ. Computed tomography slice thickness and its effects on three-
dimensional reconstruction of anatomical structures. J Forensic Radiol Imaging
2016;4:43-6.

Guyomarc’h P, Santos F, Dutailly B, Desbarats P, Bou C, Coqueugniot H. Three-
dimensional computer-assisted craniometrics: a comparison of the uncertainty in
measurement induced by surface reconstruction performed by two computer programs.
Forensic Sci Int 2012;219(1-3):221-7.

Yousefi F, Shokri A, Farhadian M, Vafaei F, Forutan F. Accuracy of maxillofacial
prototypes fabricated by different 3-dimensional printing technologies using multi-slice
and cone-beam computed tomography. Imaging Sci Dent. 2021 Mar;51(1):41-47.

https://doi.org/10.5624/isd.20200175

Moon,W.; Kim, S.; Lim, B.-S.; Park, Y.-S.; Kim, R.J.-Y.; Chung,S.H. Dimensional
AccuracyEvaluation of Temporary DentalRestorations with Different 3DPrinting Systems.
Materials 2021, 14,1487. https://doi.org/10.3390/mal4061487

https://blog.medit.com/medit/medit-link-workflow-lab (accessed 28/11/2020)



https://doi.org/10.5624/isd.20200175
https://blog.medit.com/medit/medit-link-workflow-lab

47.

48.

49,

50.

51.

52.

53.

54,

Robles, M., Carew, R. M., Morgan, R. M., & Rando, C. (2020). A step-by-step method for
producing 3D crania models from CT data. 23(January).

https://doi.org/10.1016/j.fri.2020.200404

CloudCompare Version 2.6.1 User manual 2015. Accessed: 9/8/2020. Available from:

https://www.cloudcompare.org/doc/qCC/CloudCompare%20v2.6.1%20-

%20User%20manual.pdf.

Eliasova, H., Dostalova, T., Jelinek, M., Remsa, J., Bradna, P., Prochazka, A., &
Kloubcova, M. (1999). applied sciences Surface Morphology of Three-Dimensionally
Printed Replicas of Upper Dental Arches. 1984(4575330).

Toole, S. O., Osnes, C., Bartlett, D., & Keeling, A. (2019). Investigation into the accuracy
and measurement methods of sequential 3D dental scan alignment. Dental Materials,

35(3), 495-500. https://doi.org/10.1016/j.dental.2019.01.012

AL Brough, J Bennett, B Morgan, S Black, GN Rutty, Anthropological measurement of
the juvenile clavicle using multi-detector computed tomography-affirming reliability,J.

Forensic Sci. 58 (4) (2013) 946-951, https://doi.org/10.1111/1556-4029.12126.

Msallem 2020 - Evaluation of the Dimensional Accuracy of 3D-Printed Anatomical
Mandibular Models Using FFF, SLA, SLS, MJ, and BJ Printing Technology

Rebong, R.E.; Stewart, K.T.; Utreja, A.; Ghoneima, A.A. Accuracy of three-dimensional
dental resin models created by fused deposition modeling, stereolithography, and polyjet
prototype technologies: A comparative study. Angle Orthod. 2018, 33, 363-369.

Lee, K.-Y., Cho, J.-W., Chang, N.-Y., Chae, J.-M., Kang, K.-H., Kim, S.-C., & Cho, J.-H.
(2015). Accuracy of three-dimensional printing for manufacturing replica teeth. The

Korean Journal of Orthodontics, 45(5), 217


https://doi.org/10.1016/j.fri.2020.200404
https://www.cloudcompare.org/doc/qCC/CloudCompare%20v2.6.1%20-%20User%20manual.pdf
https://www.cloudcompare.org/doc/qCC/CloudCompare%20v2.6.1%20-%20User%20manual.pdf
https://doi.org/10.1016/j.dental.2019.01.012
https://doi.org/10.1111/1556-4029.12126

55. Bibb R, Freeman P, Brown R, Sugar A, Evans P, Bocca A. An investigation of three-
dimensional scanning of human body surfaces and its use in the design and manufacture of

prostheses. Proc Inst Mech Eng H 2000;214:589-94.



