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Abstract: The paper presents the application of 3D printing in the forensic field in order to perform
facial reconstruction on a 3D printed replica of the victim’s skull. Firstly, imagine data from a computed
tomography of a skull was converted into a 3D model. Then, the 3D skull model was sliced and printed
in different positions in order to optimize the 3D printing configuration. Since the quality of the 3D
printing process depends on the thermal and rheological properties of the 3D printing filaments, the
rheological behavior of the ABS was investigated using melt flow rate and capillary rheometry. Lastly,
an accurate skull replica was achieved using the optimal printing parameters. The 3D printed skull was
used to perform the facial reconstruction of the victim by the forensic team. Based on the results of the
present research, the 3D printing technology is a feasible solution to obtain anatomically accurate skull
replicas.
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1. Introduction

When typical identification methods, such as DNA, dental, and radiography data, are unavailable in
order to identify the deceased person, the morphology of the face is approximated by facial
reconstruction [1-3]. Since the facial soft-tissues depth varies for different ethnic groups and regions of
the face, generally, the average thickness of the soft tissues is used for reconstruction [2-5]. For many
years, facial reconstruction was performed directly on the skull, but having soft-tissue thickness
variations which can recreate several types of morphologies, the preferred reconstruction methods
involved computer-based systems and replicas of the skull [1, 2, 6].

Additive manufacturing (AM), or 3D printing, has rapidly advanced in the last decade and still gains
growing interest. AM is fundamentally different from traditional manufacturing; a structure can be built
into its designed part shape using a ‘layer-by-layer’ approach rather than using formative or subtractive
manufacturing technologies. AM is versatile and highly customizable and enables the user to
manufacture complex geometries and lighter structures with low plastic waste, energy and cost.
Therefore, various industries, such as automotive [7-9], aerospace [7-9], healthcare [7, 8, 10-12] and
constructions [12], produce complex parts using a wide range of materials (metals, few polymers, bio-
material, ceramics). For the past years, medical applications are developing rapidly by using the 3D
printing technology [13] in areas ranging from creating organs and tissues to patient-specific models,
such as custom-made prosthetics. Another use of the 3D printing in the medical field is for educational
purpose, for example, students can study the human anatomy, prepare for surgeries [11, 13, 14], and
even help with the facial reconstruction process.

Regarding the reconstruction process, the skull replicas used in the forensic field are made by a
manual casting process using gypsum [15, 16]. A drawback of the casting method is that the original
skull can be damaged in the handling process, which can be a major issue if it is forensic evidence. A
novel method to replicate a victim skull is 3D printing, which can be done remotely since only a 3D
model is needed [17]. Comparing the surface quality of the cast replica with the printed skull, the gypsum
skull is superior to the printed replica, mainly due to the material used in the process [15, 16]. However,
the detailed features (brain and eyes cavities, denture geometry) of the printed skull are far superior to
the gypsum skull [17].
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In this paper, we present the applicability of 3D printing to the forensic field by making accurate
skull replicas using a scanned model of the original skull.

2. Materials and methods

The steps that outline the strategy of the present research paper are presented in Figure 1. The 3D
model of the skull (Figure 2) in the form of a Stereo Lithography (STL) file was generated by an X-ray
computed tomography (CT scan) by scanning the skull with a layer thickness of 1-mm. In order to reduce
the material consumption and printing time and to print skull replicas with minimal defects, the print
slicing process was optimized using the Ultimaker Cura software.

The rheological properties are very important in order to optimize the processing temperatures in the
manufacturing processes, such as extrusion and 3D printing. A rheological measure widely used in the
industry is the melt flow index, which indicates the fluidity of the tested polymer [18]. However, the
melt flow index measurements are performed at lower shear rates than the shear rate range of interest in
3D printing process, which are 50-1000 s*. Therefore, capillary rheometry measurements are needed in
order to asses the flow behavior of the polymer at shear rates.

From the rheological data and the optimization of the slicing process, an optimal skull was printed
at 1:1 scale in order to perform the facial reconstruction.
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Figure 1. Summary of the research methodology
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Figure 2. The 3D model of the victim’s skull

2.1. Materials

The acrylonitrile butadiene styrene (ABS) filament (Verbatim, Eschborn, Germany) with a 1.75-mm
diameter was selected due to its high rigidity, resistance to grease [19] and offers a high degree of surface
quality. As an impact-resistant engineering thermoplastic, ABS often is suitable in applications for
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automotive, home appliances, electronics, transportation industries and much more, since is easy to
process and has a reasonable price-cost effectiveness. Regarding the ABS filament, it’s the second most
used filament after polyactic acid (PLA) filament since its most used for “wear and tear” prints and the
ability to process its surface with acetone and can be painted [20]. However, the printing of ABS has
several drawbacks, such as warping, foul odors, it needs to be printed in an enclosed 3D printer in order
to minimize the cracks and split layers and is not biodegradable [20].

2.2. Characterization methods

The ABS filament was manually cut in pellets with 2 to 3-mm in length to determine the melt flow
index of the ABS using a Ceast Melt Flow Quick Indexer (Instron, USA). The measurements were taken
according to 1SO 1133, at 215, 230, and 245°C melt temperatures and for 1.2, 2.16, 3.8, 5, and 10 kg
weights. The mean values of five measurements are reported.

In addition, the melt flow behavior of ABS was investigated under the capillary shear flow using a
high-pressure capillary rheometer (Rheograph 75, Gottfert GmbH, Buchen, Germany) with a round
capillary die with length/diameter (L/D) ratio of 20/1. Before the rheological tests were performed, the
material was dried at 80°C for 4 h in a vacuum oven (EV-50, Raypa, Terrassa, Spain). The rheological
measurements were carried out for the temperatures of 215, 230, and 245°C and shear rate range of 10-
5000 s, in decreasing order. The mean values of three measurements are reported.

The rheological data were fitted to the Cross model [18] using the WInRHEO 11 software (Gottfert
GmbH, Buchen, Germany).

7o

T, \In
1+(770*7/j
T

where 7o is the zero-shear rate viscosity, in (Pa-s), 7 is the critical shear stress where shear thinning
behavior starts and n is the power-law index describing the shear-thinning behavior.

n(y)= Pa:s, (1)

2.3. 3D Modeling and slicing optimization

The Ultimaker Cura software (Ultimaker B.V., Utrecht, Netherlands) was used for slicing the 3D
model with a layer thickness of 0.2-mm, at 1:1 scale. Firstly, the model was sliced in the default position
(Figure 3a). Since the default position (Figure 3a) in the slicing software is not optimal due to the small
contact surface between the 3D model and building platform, the model was rotated by 135°, as shown
in Figures 3b. The 3D model has a complex geometry; therefore, the slice code was generated with the
aid of a raft-type adhesion platform, which helps stabilize the model and minimize the warping of ABS.
The face-upward position (Figure 3b) of the 3D model was selected to be sliced and printed so that the
facial bones, which are more complex in design, would be printed on a larger contact surface (marked
“A” in Figure 3b) for a good quality print.

2.4. 3D Printing of the skull model

An in-house design 3D printer (Figure 4) and an ABS filament were selected in order to print the
skull by fused deposition modeling (FDM). The sliced 3D model was printed using a 0.4-mm nozzle
and the printing parameters: 0.2-mm layer thickness, 245°C melt temperature, 75°C platform
temperature, 40 mm/s printing speed, grid infill pattern and 20% infill density. Since the contact surface
of the skull model in the face-upward position is not planar, the model was printed using a raft-type
adhesion platform to sustain the entire print.
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(a) default position (b) 135° rotation (face-upward)
Figure 3. Position of the 3D model for the slicing process

raft platform

Figure 4. 3D printing of the 1:1 scale model using an in-house design 3D printer

3. Results and discussions
3.1. Melt flow rate

The melt flow rate (MFR) as a function of temperature and weight for the ABS is represented in
Figure 5. The MFR values increases with increasing weight and melt temperature due to an increase in
polymer chain mobility and flexibility [21], thus low viscosity and good processability can be achieved
by increasing melt temperature. Based on the MFR results, the printing temperature, which is an
important 3D printing parameter, can be chosen between 230 and 245°C since high values of MFR are
needed for the 3D printing process [21].

3.2. Melt shear viscosity

During the rheological measurements performed on ABS, no flow instability occurred and a smooth
stream of ABS was produced at the exit of the capillary die. The rheological results in a log-log scale are
shown in Figure 6, where the apparent shear viscosity of ABS is reported as a function of apparent shear
rate and temperature. It can be observed that the shear viscosity of the ABS decreases with increasing
temperature and shear rate, respectively. At the temperatures investigated, the rheological response of
the ABS is described by the shear-thinning behavior at shear rates higher than 50 s%. Since the 50-1000
st shear rate range is of interest for the 3D printing process, the shear-thinning behavior of ABS
corresponds to good 3D printability.
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In addition to the shear-thinning behavior, the activation energy for flow is another parameter that
must be considered for printability since it reflects the sensitivity of viscosity to temperature. Generally,
in order to have good weldability between the printed layers, low activation energy is required [8]. The
temperature dependence of the melt shear viscosity of the ABS is governed by the Arrhenius law, as can
be seen in Figure 7 for different shear rates. From the slope of the linear fits, E, /R, the flow activation

energy, E,, is calculated by replacing the gas constant value, R, =8.314-10° (kJ/mol-K) and is

presented in Table 1. The values of E, are strongly dependent on the shear rate, which decrease with
increasing shear rate from 10 to 5000 s, suggesting a change in the polymer structure. From the E,

values it is expected that the rheology-based weldability of the polymer to be better when shear rates
between 200 to 1000 s are in order for 3D printing process.

b
=

3.0 4 // Figure 7. Dependence of

shear viscosity on
temperature and apparent

App. shear viscosity (Pa . x)

i RS oy shear rate (L/D=20/1)
=, 1.3 A S]learrate{s'l}
#10 4100 w300 #1000 «35000
1.0 t t f t t
38 4 42 44 44 48 3
1000/T (K)

Mater. Plast., 57 (4), 2020, 248-257 252 https://doi.org/10.37358/MP.20.4.5424


https://revmaterialeplastice.ro/

MATERIALE PLASTICE @ @
https://revmaterialeplastice.ro
https://doi.org/10.37358/Mat.Plast.1964

K

Table 1. Activation energy based on

Arrhenius equation
Activation energy,

Shear rate, R
7 (5D E, . (ki mol)

10 5.052
20 4.543
50 3.899
100 3.467

1.000
200 3.130
500 2.879
1000 2.697
2000 2.483

5000 2.309 0.999

The rheological data of ABS were fitted to the Cross viscosity model for the 215, 230, and 245°C
melt temperatures, which are shown in Figure 8. The Cross model (solid line) predicts very well the
viscosity response of ABS at the experimental conditions. However, the rheological data do not cover a
lower shear rates (<10 s) to confidently develop predictions for a Newtonian plateau. At shear rates
higher than 50 s, the non-Newtonian (shear-thinning) behavior is more pronounced due to polymer
chains that align along the flow direction.

The Cross model parameters, the zero-shear viscosity, 7, , the shear stress, 7", and the shear-thinning

index, n, are given in Table 2. The R? values demonstrate a good fitting of the Cross model to
experimental rheological data. As shown in Table 2, the ABS exhibits a pronounced solid-like behavior,
with an increasing shear-thinning index from 0.281 to 0.312 when the temperature increased from 215
to 245°C.

3.3. 3D printed skull

Figure 9 shows the 3D printed skull (1:1 scale) using an ABS filament and an in-house design 3D
printer. Recall that the skull model was printed in the face-upward position. The 1:1 scale model was
printed using 418 g of ABS filament in a period of time of 38 h. The printed skull is an accurate
representation of the original skull with at-scaled anatomically features, such as: cavities of the eyes and
brain, bone structures and denture.

*215°C

Shear viscosity (Pa. )

T T T
1071 10° 101 102 103 104
Shear rate (s'l}

Figure 8. Rheological data (symbols) and Cross model
fit (solid lines) for ABS (L/D=20/1)
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Table 2. Cross model parameters for ABS

Temperature,
Parameter T.(C)
215 230 245
n, (Pas) 12384.496+189.895 6172.826+58.082 4171.709+62.734
* (kPa) 63.414+0.697 61.376+0.519 45,717+0.462
A (s) 0.195+0.001 0.101+0.000 0.091+0.000
n 0.281+0.002 0.283+0.000 0.312+0.001
R2 1.000 1.000 1.000

The quality of the printed skull was investigated for printing defects using a Nikon digital camera
(Figure 9). Minor layer delaminations on the outer contour are observed in the printed skull because the
large chamber of the printer is not sealed, thus the variation of the chamber’s temperature affected the
adhesion between the layers. Because the printing was performed using a 0.2-mm layer thickness, the
surface roughness of the printed skull is approximately 0.2-mm. However, the 0.2-mm roughness can be
seen as an advantage since the clay, used in the following stages of the reconstruction, needs to adhere to
a rough surface. However, to improve the quality of the 3D printed surface, the CT scan of the skull could
be performed at a slicing thickness of less than 1-mm based on the previous observation.

Figure 9. 3D printed skull at 1:1 scale
3.4. Facial reconstruction
Figure 10 presents the comparison between a skull made by manual casting process and the 3D
printed skull based on the CT scan model. As seen in Figure 10a, the cast skull lacks certain features
and details of the original skull. In contrast, the 3D printed skull accurately presents the anatomical
details, such as cavities of the eyes and brain, the hollows of the denture. However, the surface of the
cast skull is superior to the 3D printed skull.

Figure 10. Repllcas‘of the skull at 1:1 scale
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Figure 11 presents the facial reconstruction process on the 3D printed skull using the Manchester
method [15, 16]. In this method, both facial muscles and soft tissue thickness are taken into
consideration. The osteometric markers (landmarks indicating the soft tissue depth of the face) are
added on the replica by inserting them on previously drilled holes [15]. The muscles of mastication
and facial expression are then constructed out of the modeling material and prosthetic plastic eye
balls are placed into the orbits [15]. The profile and shape of the nose are determined by the nasal
aperture and the thickness of lips is determined by the anterior teeth [15]. The length of the markers
is kept as a guide to the final tissue guides over the face [15].

Figure 11. The facial reconstruction performed
on the 3D printed skull

The skull is important forensic evidence and, in certain cases, can be fragile, thus the CT scan
(followed by 3D printing a replica) can be the optimal strategy in order to perform a forensic facial
reconstruction.

4. Conclusions

The current study presented the application of 3D printing in the forensic field in order to perform
facial reconstruction on a 3D printed replica of the victim’s skull. The 3D skull model was sliced and
printed using an ABS filament on an in-house design 3D printer. To optimize the 3D printing parameters,
the rheological behavior of the ABS was investigated using melt flow rate and capillary rheometry. The
following main conclusions are drawn:

(i) The position of the 3D model in the slicing software is an important parameter to consider when
printing complex parts. The face-upwards position of the skull model was found to be the optimal
position since a larger contact surface between the 3D model and the building platform is needed.

(i1) The quality of the 3D printed skull is closely related to the quality of the CT scan and printing
parameters, including layer thickness, and rheological properties of the ABS.

(iii) The optimal printing temperature was found to be 245°C. Moreover, ABS shows shear-thinning
behavior (n=0.312) and low activation energy (values between 3.899 to 2.697 kJ/ mol in the 50-100 s
range), which are important parameter for 3D printability, but not provided in the data sheet of the
commercially available ABS filament.

By using 3D printing technology coupled with CT scan, skulls for facial reconstruction can be
accurately reproduced, preserving the forensic evidence.
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