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Abstract
Purpose: The purpose of this investigation was to compare the accuracy of facial
models fabricated using facial moulage impression methods to the three-dimensional
printed (3DP) fabrication methods using soft tissue images obtained from cone beam
computed tomography (CBCT) and 3D stereophotogrammetry (3D-SPG) scans.
Materials and Methods: A reference phantom model was fabricated using a 3D-
SPG image of a human control form with ten fiducial markers placed on common
anthropometric landmarks. This image was converted into the investigation control
phantom model (CPM) using 3DP methods. The CPM was attached to a camera
tripod for ease of image capture. Three CBCT and three 3D-SPG images of the
CPM were captured. The DICOM and STL files from the three 3dMD and three
CBCT were imported to the 3DP, and six testing models were made. Reversible
hydrocolloid and dental stone were used to make three facial moulages of the CPM,
and the impressions/casts were poured in type IV gypsum dental stone. A coordinate
measuring machine (CMM) was used to measure the distances between each of the ten
fiducial markers. Each measurement was made using one point as a static reference
to the other nine points. The same measuring procedures were accomplished on all
specimens. All measurements were compared between specimens and the control.
The data were analyzed using ANOVA and Tukey pairwise comparison of the raters,
methods, and fiducial markers.
Results: The ANOVA multiple comparisons showed significant difference among the
three methods (p < 0.05). Further, the interaction of methods versus fiducial markers
also showed significant difference (p < 0.05). The CBCT and facial moulage method
showed the greatest accuracy.
Conclusions: 3DP models fabricated using 3D-SPG showed statistical difference in
comparison to the models fabricated using the traditional method of facial moulage
and 3DP models fabricated from CBCT imaging. 3DP models fabricated using 3D-
SPG were less accurate than the CPM and models fabricated using facial moulage
and CBCT imaging techniques.

Craniofacial dysmorphology (CD) is the study of structural de-
fects caused by trauma, treatment of neoplasms, or congenital
anomalies characterized by complex irregularities in the shape
and configuration of facial soft tissue structures.1 Patients with
CD may undergo extensive surgical procedures, including the
fabrication of facial prostheses to restore an extraoral max-
illofacial defect.2 The facial prostheses are not functional, but
provide the patient with an esthetic result for psychological and
social acceptance.3-6

Anthropometry is a way to assess changes in facial soft
tissue over time through line measurements between two
landmarks.7 The challenge has been to identify landmarks
and plot them accurately in the three planes of space, in order
to describe the dimensions of the face.8 Traditionally, direct
anthropometry was done using calipers. This assessment
was a reliable and inexpensive method for data collection
of surface measurements.4 However, there were several
limitations including technician training, direct patient contact
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Figure 1 (A) Virtual model with landmarks. (B) Printed control phantom model (CPM) frontal view. (C) CPM lateral view.

requiring extensive time to make multiple measurements,
patient compliance to sit in one position, inability to archive
information, difficulty attaining several measurements as
tissue undergoes changes with time, and finally comparing
tissue changes with accurate landmark location.9

Making a facial moulage impression was, and still is, another
means for 3D facial structure capture, analysis, and documen-
tation. This method has been used successfully for almost 100
years, dating back to World War I.10 Currently, various im-
pression materials like alginate, poly(vinyl siloxane), and re-
versible hydrocolloid are used to create a facial moulage. The
facial moulage method can be time consuming, and soft tissue
deformation is a significant problem. Furthermore, it is diffi-
cult to obtain accurate impressions of certain defects involving
the orbit where the periorbital tissue displaces easily.11 The
casts made from the impressions are fragile and require large
physical storage space, and it is extremely difficult to commu-
nicate physical data to other providers in distant locations.12

Also, archival preoperative casts may not be available for many
patient treatments due to storage limitation.

Several types of 3D imaging systems have been created in the
past three decades, including cone beam computed tomography
(CBCT) and 3D stereophotogrammetry (3D-SPG). Both meth-
ods are noninvasive and allow for archival of data and virtual
models that can subsequently be used for comparison purposes.

Computed tomography (CT), and more specifically CBCT,
is currently used to capture soft tissue surface images because it
is accurate and repeatable for anthropometric measurements.7

Collimating the X-ray beam decreases the radiation exposure
dose, and the scan time is 10 to 70 seconds.13 The dose of
radiation ranges between 60 and 1000 microsieverts versus
medical grade CT of the mandible, which ranges from 1320
to 3324 microsieverts.13-15 More recent studies have generated
3D facial soft tissue surface computer models from image data
captured by CBCT. Linear anthropometric measurements on

computer models using CBCT software proved reliable and as
accurate as the traditional direct method.7 The data and virtual
models are easily archived without physical storage require-
ments and can provide pre- and postoperative information for
skeletal or soft tissue comparisons.13

3D-SPG is a newer technique/method for craniofacial
surface imaging that allows for the capture evaluation of the
external surface of a subject. The method creates a 3D image
reconstructed from multiple digital images taken at different
angles simultaneously. The resultant image is a collection of
points positioned along an x, y, and z coordinate system. These
points can be identified as landmarks, then used for subsequent
analysis.9 Reports indicate that 3D-SPG is reliable and
accurate for determining the location of landmarks and inter-
landmark craniofacial distances.16,17 The advantages include
minimal artifact production due to short image capture time
(approximately 1.5 ms), ability to archive and compare subject
images, three-point (x, y, z) coordinate format of locating
tissue landmarks, high resolution, and no radiation. Software
programs are available to identify landmarks and calculate
anthropometric measurements.18 In addition, the error in the
location of a landmark when using 3D-SPG is less than 1 mm.19

The use of 3D-SPG has a great potential for use in the mil-
itary. During World War II, the Korean War, and the Vietnam
War, the mean incidence of head, face, and neck injury (HNFI)
was approximately 16%. A recent study looked at the charac-
teristics and causes of HFNIs sustained by US military forces
during the stability and support phase of Operation Iraqi Free-
dom (OIF-II). The number of HFNIs increased to 39%, and of
these injuries, 65% were injuries to the face.20 A more recent
study showed a comprehensive analysis of craniomaxillofa-
cial battle injuries sustained by military members evacuated to
level III-V military treatment facilities to be 42.2% HNFIs.21

The reason for the notable increase in the past decade is an
increase in survival rate due to improvement in body armor,
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Figure 2 (A) Reversible hydrocolloid impression. (B) Stone model.

battlefield medicine, tactically placed medical units, and quick
evacuation tactics.

Both CBCT and 3D-SPG use computer-aided design (CAD)
software to facilitate the design of soft tissue surface images
and virtual models. With rapid prototyping (RP), information
from the CAD software can be used along with computer-
aided manufacturing (CAM) to fabricate 3D physical models.
Image data from CBCT and 3D-SPG scans translated into the
digital imaging and communication in medicine (DICOM) file
format, which are converted to a CAM file format to produce a
3D model using RP methods and equipment.

One RP method used in the medical and dental field is 3D
printing (3DP). This process uses a polyjet selectively deposit-
ing fine powder polymer droplets evenly along a piston and
liquid binder. Additional layers are added as the piston powder
bed and cured model is lowered layer by layer. The resolution
accuracy is 100 µm for one-dimensional features and 300 µm
for 3D features.11 The 3D printed models are accurate to 0.016

Figure 3 Tripod assembly.

mm (Objet Eden 260V; Stratasys Ltd, Minneapolis, MN), and
the build time is at a rate of 1 cm of height per hour.22

The 3D models are useful for surgical planning, creation
of surgical templates, and fabrication of craniofacial pros-
theses and custom implants used in craniofacial reconstruc-
tion. The accuracy of the RP models has been measured by
software calculations,23-25 digital calipers,18 and more recently
the use of a coordinate measurement machine (CMM). The
CMM can provide accurate location of x, y, and z coordinate
reference points. This device is very useful in locating the same
landmark on various models and therefore accurate in deter-
mining any error in model production.

RP techniques are proving beneficial in the treatment plan-
ning, diagnosis, surgical assistance, prosthesis fabrication and
post-assessment of patients with craniofacial anomalies, facial
trauma, and structural defects caused by neoplasms; however,
further studies need to be done to evaluate the precise fit of
models fabricated from soft tissue imaging. The purpose of
this investigation was to compare the accuracy of facial mod-
els fabricated using facial moulage impression methods to the
3DP fabrication methods using soft tissue images obtained from
CBCT and 3D-SPG.

Materials and methods

One human form was obtained from a two-pod 3D-SPG sur-
face imaging system and software system (3dMDface; 3dMD,
Atlanta, GA). The scanned image was saved as an Standard
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Figure 4 Tripod positioning for CBCT capture.

Triangulation Language (STL) file and uploaded into the mod-
eling software program (Geomagic Freeform Modeling Plus;
Geomagic, Wilmington, MA) to create the virtual model. The
virtual model was used to design the control phantom model
(CPM). Five millimeter diameter spheres were built into the
model to mark the following ten landmarks on the facial soft
tissue: Glabella, Nasion, Pronasale, right and left Orbitale,
right and left Frontale, right and left Cheilion, and Pogonion
(Fig 1A).4,5,7,9,26,27 The virtual master model was processed us-
ing 3DP software (Objet Studio; Stratasys Ltd, Minneapolis,
MN), and the physical CPM was created using 3DP (Objet
Eden 260V; Stratasys Ltd) (Figs 1B, C).

The CPM was used to create three facial moulage exper-
imental gypsum dental stone models using reversible hydro-
colloid (Polyflex Duplicating Material; Dentsply International,
York, PA). Reversible hydrocolloid at room temperature was
heated to its liquefaction temperature to convert the gel to the
sol condition.28 The reversible hydrocolloid was applied to the
CPM using a synthetic brush (Synthetic brush #16; Dentsply).
Cotton gauze (2 in2) was embedded in the solidifying reversible
hydrocolloid to reinforce the material and allow for the attach-
ment to dental stone. A thin consistency of dental stone (Mount-
ing Stone ISO type 3; Whip Mix Corp., Louisville, KY) was
applied over the reversible hydrocolloid and gauze in a uniform
half-inch thickness to fabricate an external tray. The ratio of the
dental stone to filtered water was 900 g to 170 ml. Once the
stone set, the impression was removed from the master model

Figure 5 (A) Tripod positioning of CPM for 3dMD capture. (B) 15° ante-
rior tilt position of CPM.

and poured in type IV dental stone (Silky Rock, Whip Mix
Corp.) (Fig 2A).29 The ratio of type IV dental stone to filtered
water was 600 g to 138 ml. Each of the resultant three stone
models was labeled accordingly (Fig 2B).

To position the CPM for CBCT capture, a tripod mea-
surement base assembly was fabricated using a tripod screw
platform with acrylic resin (Ortho Acrylic Resin; Great Lakes
Orthodontics, Tonawanda, NY) (Fig 3).30 The CBCT system
(Kodak 9500 Cone Beam 3D System; Carestream Health, Inc.,
Rochester, NY) was calibrated following the manufacturer’s
instructions. The CPM was stabilized on the tripod, and a
total of three images were made individually and labeled one
through three (Fig 4). The images were saved as DICOM files
and copied onto a disc for use with the RP system.

The same tripod base assembly for the CPM was used to
obtain the 3D-SPG images (3dMDface). The system was cali-
brated according the manufacturer’s instructions.31 The tripod
with CPM was positioned at a 15° anterior tilt to capture an
image with minimal shadowing (Fig 5). A total of three images
were made individually and labeled one through three. These
images were saved as STL files and saved onto a disc for use
with the RP system.

The DICOM images and STL files from the CBCT and
3dMD, respectively, were used to create the virtual models
using computer software. A DICOM segmentation program
(MIMICS 12.1; Materialise Dental, Plymouth, MI) was used
to identify the CPM and generate a surface model (in STL
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Figure 6 Mimics DICOM segmentation.

Figure 7 Point cloud data of spheres 1 to 4.

format) from the series of CBCT images (Fig 6). The six
STL files were aligned, and a common base was designed and
merged to the 3D surface of each of the scans. Then, using 3DP
(Objet Eden 260V) six individual models were fabricated prior
to measurement procedures (Fig 7).

The printed RP models and gypsum stone models were mea-
sured for accuracy by three individual raters using a CMM
(Faro, Lake Mary, FL). A 3 mm ball probe stylus was placed on
the surface of each fiducial marker, and a discrete point cloud
was recorded into Geomagic Studio as the measuring software
interface. Each cloud data set was interpreted as a sphere fea-
ture on the model. The scans resulted in a collection of point
cloud data representing the feature location in space relative to
each of the other spheres (Figs 7, 8).

The software was then used to calculate a best-fit sphere
for each of the point cloud groups. Three sphere centers (1, 2,
and 10) were used to define a reference plane. New points were
defined by projecting each of the sphere centers to the reference
plane in a direction normal to the plane (Fig 9).

Figure 8 Point cloud data of spheres 1 to 10.

Figure 9 Defined reference plane using sphere centers of 1, 2, 10.
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Nine projected points were then measured against the pro-
jected point #3 on the same model. The following 3D Distance
Formula was used where i = 1, 2, 4 . . . 10 and j = 3.

√
(xi − xj)2 + (yi − yj)2 + (zi − zj)2

This procedure was accomplished for each landmark on the
CPM model and compared to the same measurements ob-
tained on the facial moulage stone reproductions and the printed
models.

Statistical analysis

Vertical distances from point #3 were analyzed. First, the
master distances were averaged over the three raters at each
point. Then, for each rater on CBCT (CT), 3D-SPG (OP), and
stone (ST) the vertical distance from point #3 was subtracted
from the master mean of the three raters and divided by the mas-
ter mean and multiplied by 100 to obtain a percent difference
from the master for each rater and each point of the other three
methods. The percent differences were analyzed with ANOVA
for repeated measures, since the raters repeatedly measured
each point from each of the cast methods.

The three raters were compared, the three methods were
compared, and the nine points were compared. Since all dis-
tances were relative to point #3, those values were always zero,
and that point was not included in the analysis. In addition, the
two-way interaction of method and points was analyzed. In-
teractions with the rater factor were the denominators for the
F-tests in the ANOVA for repeated measures. Tukey’s compari-
son was done for pairwise comparisons of means following the
ANOVA. Residuals of the ANOVA were calculated and plotted
to verify they had a near normal bell-shaped curve and that their
variance was similar over the range of predicted values.

Results

The percent difference of each of the three methods (CT, OP,
ST) from the control mean relative to point 3 for each method is
shown in Figure 10. The ANOVA was done and is displayed in
Table 1. The method (meth) by point (pt) source was significant.
Therefore, a comparison was done with the three methods to the
control and each method to each other. Multiple comparisons
showed the raters were not different. Pairwise comparisons
of the methods were different with OP not having as small
a percentage error as the other two methods, while the other
two had similar percent error overall (Tables 2 and 3). Overall,
OP showed statistically significant difference (p < 0.05) in
comparison to the CT and ST; however, Figure 10 shows the
greatest difference localized to points #1, 2, and 5. The OP data
for the other points are similar to the CT and ST findings.

Discussion

The impression technique for making facial models has been
used for many years, but a major disadvantage is soft tissue
deformation caused by the direct contact of the impression
material to the facial soft tissue. Holberg et al reported that
making an alginate impression of the face produced between 1
to 3 mm of soft tissue deformation in varying areas.32 Germac-

Cakan et al found significant differences between clinical and
facial plaster cast measurements explained by distortion related
to the impression material.12 In this study, the CPM was made
from a rigid resin material. When a facial moulage was made
of the CPM, there were no signs of deformation, which would
normally be seen in a patient. Therefore, the results at each point
showed very minimal percentage difference in comparison to
the CPM.

Numerous studies have shown that imaging done by CT, and
more specifically CBCT, is currently used to capture hard and
soft tissue surface images because of its accuracy, reliability,
and repeatability for anthropometric measurements.33-35 Fourie
et al compared linear measurements derived from 11 soft tissue
landmarks on seven cadaver heads made directly using digi-
tal calipers to CBCT-based computer generated models. Their
results showed surface detail of the soft tissue images was in-
sufficient; however, overall, the data proved to be reliable and
accurate.7 Once again, the CPM was a rigid resin form with-
out soft tissue-like surfaces. The results showed that CT data
were not significantly different from the CPM measurements
and confirmed that CT-generated models were reliable and ac-
curate.

3D-SPG imaging provides accurate detail of surface texture,
contour, and color. Many studies have been done comparing 3D-
SPG imaging to direct anthropometry resulting in repeatable,
precise, and accurate measurements.16,36,37 Additional studies
by Weinberg et al and Wong et al showed an increase in accuracy
and precision of landmark location with labeling prior to image
capture.5,9 In a study done by Plooij et al, midline landmarks
were precisely generated compared to pair landmarks, espe-
cially if the inter landmark distance increased.17 In the present
study, spherical landmarks were created in the CPM that were
reproducible using impression material and the two imaging
techniques. Capturing the landmarks was an important factor
to calculate the linear measurements and make comparisons of
accuracy.

In all of these studies involving CT or 3D-SPG computer-
generated images, 3D imaging software was used to calculate
linear measurements, which were compared to direct anthro-
pometric measurements. Caliper measurements can be subjec-
tive and therefore the accuracy and reliability of the data may
be questionable.38 In the present study, a CMM was used to
decrease the subjectivity found in using digital calipers. In Taft
et al’s study,39 stainless steel spheres (5.00 ± 0.005 mm in
diameter) were secured on a dry cadaver skull in seven loca-
tions. Point locations of the spheres were measured by placing
the CMM ball probe on the points of interest, thus improving
accuracy and reliability. Also, because the spheres were used
as fiducial markers, a mean centroid location was identified for
each sphere, and the distance between two points was then de-
termined. In this study a CMM in conjunction with computer
software was used to calculate a best-fit sphere for each of the
landmarks. There were three raters who collected point cloud
data at each sphere, and a rater pairwise comparison showed
no significant difference among the raters. The CMM proved
to be reliable and accurate in this study.

Both CBCT and 3D-SPG image files can be imported into
CAD/CAM software to create an RP model. The accuracy of the
RP models have been studied by measuring distances between
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Figure 10 Percent difference from control mean relative to point 3.

landmarks on 3D phantom models and comparing those points
with measurements calculated through the CT software.23-25 In
this study 3DP models were fabricated using the DICOM im-
ages and STL files from the CBCT and 3dMD, respectively;
however, instead of using computer software to make the mea-
surements for the CBCT and 3DMD, the CMM was the constant
measuring tool for the stone and the 3DP models.

The accuracy of RP models fabricated to replace hard tissue
has been studied with skull models and is used in reconstructive
craniofacial surgeries.33,39 However, many craniofacial anoma-
lies also involve the facial soft tissue, requiring accurate dimen-
sional measurements to fabricate prosthetics. Studies have been
done using CT scans to create casts from the RP models for
facial prosthesis engineering.40-43 Few studies have evaluated
the precise fit of prostheses fabricated from RP models manu-
factured from soft tissue imaging obtained by 3D-SPG.18 This
investigation was limited because a rigid resin model was used
as a control.

According to this investigation, 3DP models fabricated using
3D-SPG showed statistical difference compared to the models
fabricated using the traditional method of facial moulage and
3DP models fabricated from CBCT imaging. Major discrepan-
cies stemmed from points #1 and 2 (Fig 10). The greater dif-
ference of the optical scan point values in comparison to those
of the models made from CBCT imaging and facial moulage at
the other points may be because a two-pod system was used and
the 15° anterior angulation of the control during 3dMD image
capture.

Percentage differences of the individual points on all three
methods in comparison to the control, points #4, 8, 9, and 10
were not statistically significant differences from the CBCT
and stone method. Thus, 3D-SPG is a viable option for RP pro-
duction of facial models, especially in situations where it is not

Table 1 ANOVA table for percent difference from master mean

Sum of Mean

Source DF squares square F value Pr > F

Rater 2 0.53050924 0.26525462 1.60 0.2169
Meth 2 5.03638366 2.51819183 59.86 0.0010
meth∗rater 4 0.16827539 0.04206885 0.25 0.9048
Pt 8 7.17435054 0.89679382 5.05 0.0029
pt∗rater 16 2.83916780 0.17744799 1.07 0.4169
meth∗pt 16 13.47849934 0.84240621 5.09 < 0.0001
Residual 32 5.29215010 0.165379691
Corrected total 80 34.51933608

Table 2 Rater pairwise comparison: Tukey comparison

p-values

Rater

Difference

percentage mean vs 2 vs 3

1 0.61600732 0.1984 0.4865
2 0.81106176 0.8187
3 0.74416230

feasible to use CBCT imaging. Many patients with craniofacial
dysmorphologies undergo numerous surgeries in a short period
of time, and the 3D-SPG method would eliminate radiation
exposure from CT. Additionally, the short image capture time
would be extremely beneficial for patients with the inability
to be still for the time it takes to make a CBCT. Comparative
growth studies could be accomplished using this technology,
and if necessary, RP models could be engineered to help with
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Table 3 Method pairwise comparison: Tukey comparison

p-values

Method

Difference

percentage mean vs op vs st

CT 0.62195799 0.0030 0.1357
OP 1.06703386 0.0010
ST 0.48223953

treatment needs. The incorporation of this technology is ben-
eficial for the facial reconstruction process because of its high
efficiency, the ability to provide accurate facial surface detail,
and the overall treatment planning information obtained for
patients. The ability to archive images further helps with the
treatment process and analysis of any subsequent changes in
the soft tissue.

The 3D-SPD method can also be used in conjunction with
CBCT.44 The accurate hard tissue image obtained from a CBCT
can be referenced to a 3D-SPG scan providing detailed images
relating the hard tissue with soft tissue for analysis prior to or-
thognathic surgery. Furthermore, it is difficult to capture an im-
age using 3D-SPG in a defect area where undercuts are present,
and the image captured through a CBCT may help define the
boundaries of the defect. This merging of hard and soft tissue
images can be extremely beneficial in viewing, treatment plan-
ning, and fabricating an accurate prosthesis for a craniofacial
defect.

In addition, military members suffering from HFNIs present
to medical and dental clinics with facial dysmorphologies, such
as missing ears, requiring facial prostheses. In the past, these
patients required creation of models of the area of deformity
by using previous 2D photographs, an impression of family
member anatomical replicas, or a prosthesis fabricated by an
anaplastologist to replicate the lost tissue. Now, with 3D-SPG
and CBCT images, recreation of missing tissue can be accom-
plished by banked images, images of family members, or even
custom-created anatomic forms. Furthermore, images of mili-
tary members could be obtained and archived prior to entering
a military conflict. If the military member should sustain any
HFNI, then the archive image can be referenced to create a
model in the fabrication of a more accurate facial prosthesis.

Future directions

There were limitations to this study. First, the CPM was made
from a rigid resin material. When a facial moulage was made
of the CPM, there were no signs of deformation, which would
normally be seen in a patient. Also, a CT image does cap-
ture hard tissue detail accurately but lacks in soft tissue detail.
3D-SPG imaging provides a 3D viewing ability to see soft tis-
sue color and texture detail. Therefore, future studies should
be done using a patient with a craniofacial defect, and all
three methods should be reinvestigated. Also, investigation of
five-pod 3D-SPG systems may provide a more accurate 3D im-
age. Finally, it may be beneficial to investigate the accuracy of
3D-SPG in conjunction with CBCT imaging to fabricate facial
models.

Conclusion

This investigation was based on an innovative research setting
creating facial models using a two-pod 3D-SPG imaging sys-
tem, and a CBCT imaging method, then comparing the accuracy
of these models to the traditional facial moulage impression
model fabrication technique.

Within the limitations of this investigation the following con-
clusions could be made:

1. 3DP models fabricated using 3D-SPG showed statistical
difference in comparison to the models fabricated using
the traditional method of facial moulage and 3DP models
fabricated from CBCT imaging.

2. 3DP models fabricated using 3D-SPG were less accurate
in comparison to the CPM and models fabricated using
facial moulage and CBCT imaging techniques.

3. Models fabricated using CBCT imaging and facial
moulage showed no statistical difference and proved to
be accurate in comparison to the CPM.
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