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Objective: To investigate the impact of spatial positions of the transfer fork registration markers
on the accuracy of generating a virtual dentofacial patient.

Methods: An in vitro study was conducted using a mannequin head with a standard maxillary
dentition model. Radiopaque gauge markers were fixed on the face and dentition of the man-
nequin head. CBCT was performed and the distance and angle between the dentition and facial
markers were measured in the CBCT as reference values. Intraoral scanners were used to obtain
3D morphological data of the maxilla. Two types of transfer fork were designed and fabricated.
The registration markers on transfer fork A were positioned in the midline area, while those on
transfer fork B were located at the corners of the mouth on both sides. The transfer forks were
digitised and connected to the maxillary dentition within the mannequin head, and facial
scanning was performed using a facial scanner five times in each group. A virtual dentofacial
patient was built through matching and integration of digital dentition, face and transfer fork
data using 3D reverse engineering software (Geomagic Wrap 2021, 3D Systems, Rock Hill, SC,
USA). Measurement values including feature lengths and feature angles between six facial
gauge markers and three dentition gauge markers were obtained in the virtual patients.
Results: The mean trueness and precision of linear difference for virtual patients established
using transfer fork A were —=1.00 + 0.11 mm and 0.27 + 0.02 mm and the angle deviation was
-1.88 + 0.27 degrees, whereas for transfer fork B, the mean trueness and precision of linear
difference were 2.66 + 0.25 mm and 0.83 + 0.06 mm, and the angle deviation was 3.74 + 0.87
degrees. There is an overall significant difference in the trueness values of feature lengths (t =
-13.963, P =0.000) and angles (t = —5.985, P = 0.004) between transfer fork groups A and B,
with group A showing better trueness and precision.

Conclusion: Linear and angular errors will be introduced in the process of building up a vir-
tual dentofacial patient using a transfer fork. The trueness and precision of the transfer fork
with the matching markers at the centre of the lips are more precise than the transfer fork, with
matching markers on both sides of the mouth.
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The shape and arrangement of teeth should be in har-
mony with the face, making dental prostheses closely
related to personalised facial modality recognition and
analysis. 3D facial scanning (FS) provides a technical
foundation for the digital workflow of prosthesis fab-
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Fig1laand b Fiducial markers on the mannequin head with dentition. Front and side of the mannequin head (a). Fiducial markers
on the key facial anatomical structure points and the forehead (b).

rication,’-6 and is now widely used in prosthodontics.
At present, prosthodontists and technicians can com-
plete the virtual design,” artificial teeth arrangement, 82
partial realisation of try-in1® and production!! of dental
prostheses using a digital workflow, and this also facili-
tates communication between doctors, technicians and
patients.12

The digital workflow offers many advantages over
the conventional workflow, such as a non-invasive, fast-
er impression process,® simplified treatment proced-
ure,14 better clinical efficiency?315-17 and reduced treat-
ment cost.1® To build a “virtual dentofacial patient”,
a key element is used to register the FS data with
intraoral scanning (I0S) data to obtain the relative
position of the dentition and the face.2*25 This elem-
ent consists of two parts. The intraoral part is con-
nected with patient’s dentition and can be digitalised
and superimposed with their 10S data. The extraoral
part was scanned and registered with the FS data. The
element was named differently in various previous
studies, such as virtual facebow,20-22 extraoral regis-
tration geometries,12 geometric occlusal registration
prototype device,?8 intraoral marker,?” intraoral trans-
fer element (IOTE),282% intraoral scan body3%-34 and
transfer fork.3%:36 In this study, a transfer fork was used.

The transfer fork is key to the integration of FS data
and 10S data, and its design will affect the accuracy of
integration. Although the use of a variety of transfer
forks had been reported in digital workflows, most of
them were case reports.%:22:27.28,32,34.35 There are only
a limited number of studies investigating the accuracy
of registration between FS and 10S.20 Raffone et al’’
designed a transfer fork consisting of a bite fork and
a scanning plate with several letters and a circle on it.
They conducted an in vitro study to evaluate the ac-
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curacy of registration, without comparison with other
transfer forks. Lam et al?® made a transfer fork using a
tray and LEGO bricks (LEGO Group, Billund, Denmark)
and evaluated the accuracy of registration in an in
vivo study. The registration error was 0.26~1.70 mm.2°
However, the design of the transfer fork was not com-
pared with another type of fork. Moreover, the het-
erogeneity of these studies prevented comparison of
different designs among the transfer forks.

This study aims to investigate the impact of differ-
ent spatial positions of the registration markers of the
transfer fork on the accuracy of generating a virtual
dentofacial patient. The study hypothesis is that the
position of the registration markers on the transfer fork
has no significant effect on the accuracy of generating
a virtual dentofacial patient.

Materials and methods

CBCT (NewTom VGi, NewTom, Imola, Italy), a 3D facial
scanner (SHINING 3D, Hangzhou, China), an intraoral
scanner (3Shape TRIOS 4, 3Shape, Copenhagen, Den-
mark), a 3D dental model scanner (3Shape D2000,
3Shape) and a 3D resin printer (HeyGears chairside pro,
HeyGears Technology, Guangzhou, China) were used in
this study, along with 3D reverse engineering software
Geomagic Wrap 2021 (3D Systems, Rock Hill, SC, USA),
medical imaging software Quotation Mimics 23.0 (Mate-
rialise, Leuven, Belgium) and SPSS 27.0 (IBM, Armonk,
NY, USA).

A virtual dentofacial patient with a mannequin head
and a standard dentition model was created using the
I0S and FS data. Fourteen zirconia spheres with a
diameter of 4 mm were fixed in the facial forehead of
the mannequin as fiducial markers (Fig 1). Key facial
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anatomical structure points such as the glabella and
the outer canthus points were chosen as the key sites
for fixing zirconia spheres. Other zirconia spheres were
evenly distributed on the forehead.

Transfer fork was composed of the extraoral and the
intraoral parts. The extraoral part was a printed rect-
angular plate-type structure using a 3D resin printer
and LEGO bricks were fixed on the extraoral part as
the registration markers. The intraoral part, a resin
impression tray, was connected with the extraoral part
to complete the transfer fork. Two types of transfer fork
were made. The registration markers on transfer fork A
were positioned in the middle of the lips and those on
transfer fork B were positioned on the bilateral mouth
corners (Fig 2).

Fiducial markers were also prepared on the max-
illary dentition. Holes with a diameter of 1 mm were
prepared at the mesio-buccal cusps of the bilateral first
molars and the mesio-incisal angle of the right cen-
tral incisor.37-3% Radiopaque material (Coltosol F zinc
oxide temporary sealing material, Colténe, Altstatten,
Switzerland) was used to fill in the holes.

I0S was performed to obtain 3D data of the maxilla
(Fig 3a). The mannequin’s face was digitalised using a
facial scanner.

The intraoral impression tray of the transfer fork
was connected with the maxillary dentition in the man-
nequin head with silicone rubber material. FS was then
performed five times with the transfer fork connected
rigidly to the maxillary dentition (Fig 3b). The transfer
fork was then removed and scanned using a 3D dental
model scanner (Fig 3c). The same steps were performed
for transfer fork B to obtain 3D images (Fig 3b and c).
A total of 10 groups of 3D facial images were obtained.

Intraoral scans, facial scans, facial scans taken
with the transfer fork and corresponding transfer fork
data were imported into Geomagic Wrap 2021. The
“Alignment - Best fit” function was used. Intraoral and
facial scans with the transfer fork were respectively
superimposed on the intraoral and extraoral part of the
transfer fork to obtain a digital mannequin head with
transfer fork, then the facial scans were superimposed
on it. Thus, the virtual dentofacial patient was built
(Fig 3d, 4 and 5).

Standard values were measured on CBCT scans.
CBCT was performed for the mannequin head. DICOM
data were extracted and a 3D model was reconstructed.
Three zirconia spheres attached to the facial ana-
tomical structure (the glabella and the outer canthus
points), two spheres on the forehead and one sphere
on the bridge of the nose, were selected as facial fidu-
cial markers. The “feature point” function in Geomagic
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Fig 2a to ¢ Transfer forks. Two types of transfer fork (a).
Transfer fork A: The registration markers were positioned in the
middle of the lips (b). Transfer fork B: The registration markers
were positioned on the bilateral mouth corners (c).

Wrap 2021 was used to pick up these markers named
points 1~ 6 (Fig 6). The buccal cusps of the bilateral first
molars and the mesio-incisal angle of the right central
incisor were selected, namely LM (left molar), RM (right
molar) and RI (right incisor), as fiducial markers on the
dentition (Fig 7). The axial, coronal and sagittal planes
of CBCT images of facial fiducial markers are presented
in Fig 8. The distances between dentition markers (LM,
RM and RI) and facial fiducial markers (points 1~ 6)
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Fig 3a to d Digital imag-
es in the workflow. 3D
image of the maxillary
dentition (a). FS data of
transfer forks A and B (b).
3D images of transfer fork
A and B (c). 3D images
of the virtual dentofacial
patient (d). On transfer
fork A, the registration
markers were positioned
in the middle of the lips; on
transfer fork B, they were
positioned on the bilateral
mouth corners.

Transfer fork

scanning

Intraoral
scanning
H Impressicn impf::sion
i with TF
105 : with TF

Facial scanning 7

Mannequin head

Fig4 The workflow of
s obtaining digital informa-
tion. TF, transfer fork.
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Registered by; NI  Fzcial fiducial markers
I Registration markers on TF
I The shape of dentition

Fig 5 Registration of

building up virtual dento-
facial patient.

Scanned impression with TF Virtual dentofacial patient

Fig 6 Six facial fiducial markers (points 1~6).

were measured as the feature lengths,3® and 18 feature
lengths (Table 1) were obtained as standard values. The
feature angle formed by the connection between the
glabella (point 2) and Rl and the occlusal plane (defined
by LM, RM and RI) was measured, and one feature
angle was obtained as the standard value.20:37.38

The registration accuracy of the transfer fork was
evaluated by comparing the standard values of feature
lengths and angles measured in CBCT with the cor-
responding measurements in the virtual dentofacial
patient.

Chinese Journal of Dental Research

Fig 7 Three dentition fiducial markers (points LM, RM and RI).
LM, the dental fiducial marker on the left molar; RM, the dental
fiducial marker on the right molar; RI, the dental fiducial marker
on the right incisor.

The 18 feature lengths between six facial markers
and three dental fiducial markers in each transfer fork,
with five in the transfer fork A group and 5 in the trans-
fer fork B group. The feature angles between the line
defined by point 2 (glabella point) and point RI (right
incisor) and the occlusal plane of each group were
obtained, with a total of 10 groups. The errors between
the 180 feature lengths and 10 feature angles and the
standard values were calculated.

The differences between feature lengths and angle
measured in the two transfer fork groups and those

179



QlUetal

Point 4
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RM_ F.u _LM Fig 8 The feature points in the CBCT image
of the mannequin head and the 3D recon-

struction image.

Table 1 One-sample t test of each feature lengths errors and ideal error (0.000) (mm).

Measurement of feature lengths Transfer fork A, P value Transfer fork B, P value
Starting point End point mean £ SD mean * SD
LM -1.73+0.27* 0.003 3.47 £+ 0.86* 0.016
Point 1 RM -2.47 £ 0.29* 0.001 0.91+0.73 0.279
RI -2.03+0.21* 0.001 0.53+0.60 0.425
LM 0.23 +0.32 0.511 5.94 +1.05* 0.005
Point 2 RM -0.49£0.37 0.261 3.14 £ 0.95* 0.030
RI 0.75+ 0.24* 0.035 3.09 £ 0.65* 0.009
LM -1.67 £0.29* 0.005 4.34 +0.95*% 0.010
Point 3 RM -1.29 £ 0.33* 0.018 2.75+1.25 0.092
RI -0.64+0.17* 0.019 2.14 £ 0.34* 0.003
LM -1.73 £ 0.36* 0.009 3.86 £ 1.10* 0.025
Point 4 RM -1.90 £ 0.40* 0.009 0.80+0.90 0.429
RI -1.36 £ 0.27* 0.007 0.60+0.61 0.385
LM -0.81 £ 0.22* 0.020 4.65+0.85* 0.005
Point 5 RM -0.71£0.32 0.094 3.64 +0.98* 0.021
RI 0.28+0.14 0.112 2.25+ 0.55*% 0.015
LM -1.04 £ 0.28* 0.021 4.08+1.11* 0.021
Point 6 RM -0.92 +0.25* 0.021 0.81+0.87 0.407
RI -0.41+£0.17 0.071 0.96 £ 0.64 0.205

*P < 0.05.

LM, the dental fiducial marker on the left molar; R, the dental fiducial marker on the right incisor; RM, the dental fiducial marker on
the right molar; SD, standard deviation.

measured in the CBCT (standard values) were com-
pared. The standard values were subtracted from the
measurement values to obtain feature lengths and
angle errors. SPSS 27.0 was used for data analysis, and
the measurement data were expressed as mean + stand-
ard deviation (SD). The errors between the transfer fork
groups were analysed and their trueness and precision
were compared. A one-sample t test was used to test
the differences between feature length error, feature
angle error and ideal error 0.000 in both groups. The
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length and angle errors between transfer forks A and
B were tested with a paired t test. Bilateral tests were
used in all tests, and P < 0.05 was considered statistic-
ally significant.

Results

The registration error of the two types of transfer fork
was analysed. The feature length and angle errors for
each group were tested using a K-S normality test, and
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Table 2 One-sample t test of measurement errors of transfer fork groups and ideal error (0.000)

Group Feature lengths Feature angles

t P value t P value
Transfer fork A -9.247 0.000 -6.852 0.002
Transfer fork B 10.722 0.000 4.291 0.013

the results were statistically significant. The data all fol-
lowed the normal distribution.

The trueness and precision of transfer forks A and
B were analysed. For transfer fork A registration, the
trueness was 1.00 + 0.11 mm and the precision was 0.27
+0.02 mm. For transfer fork B, the registration trueness
was 2.66 + 0.25 mm and precision was 0.83 £ 0.06 mm.

A total of 36 groups of feature length errors and two
groups of feature angle errors for the two transfer forks
were analysed, and a one-sample t test was carried out
with an ideal error of 0.000 (Table 1). The angular regis-
tration error of transfer fork A was 1.88 + 0.27 degrees.
The angular registration error of the transfer fork B was
3.74 £+ 0.87 degrees. In the transfer fork A group, the
feature length errors of five groups (point 2-LM, point
2-RM, point 5-RM, point 5-RI and point 6-RI) showed
no statistical difference from the ideal error of 0.000 (P
> 0.05). In the transfer fork B group, the feature length
errors of seven groups (point 1-RM, point 1-RI, point
3-RM, point 4-RM, point 4-Rl, point 6-RM and point
6-RI) showed no statistical difference from the ideal
error of 0.000 (P > 0.05). The facial markers near the
midline performed better and the dentition markers
performed equally.

The difference between the mean feature length and
angle errors and ideal error of 0.000 of transfer forks A
and B were respectively tested by a one-sample t test.
The results are shown in Table 2. The feature length
and angle errors of transfer forks A and B were signifi-
cantly different from the standard values (P < 0.05).

The mean feature length error of transfer forks A
and B was 1.00 £ 0.11 mm and 2.66 £ 0.25 mm, respect-
ively. The difference in feature length between transfer
forks A and B was statistically significant (P = 0.000).
The angular registration error of transfer fork A was
1.88 £ 0.27 degrees, and that for transfer fork B was 3.74
+ 0.87 degrees. The difference in angle error between
transfer forks A and B was statistically significant (P =
0.004).

Discussion

The length and angular relationship between the occlu-
sal plane and the FS indicates the deviation of the denti-
tion position.37-38 In this study, the registration trueness

Chinese Journal of Dental Research

of transfer fork A was 1.00 £ 0.11mm, and the precision
was 0.27 + 0.02 mm, and the angle deviation was —1.88°
* 0.27 degrees. The registration trueness and precision
of transfer fork B were 2.66 + 0.25 mm and 0.83 + 0.06
mm, respectively, and the angle deviation was 3.74 +
0.87 degrees. The registration trueness and precision of
transfer fork A were significantly better than those for
transfer fork B. Asignificant difference in feature length
(t = -13.963, P = 0.000) and feature angle (t = —5.985,
P = 0.004) was found between the two groups, which
negated HO.

Choi et al*? used the traditional articulator to deter-
mine the relative position of the maxillary dentition
and the craniofacial area. The error for the maxillary
central incisor was = 1.2 mm, while the difference be-
tween groups reached 6.7 mm.* Lam et al?! established
the virtual patient using the traditional articulator
with an accuracy of 3.66 + 2.94 mm. Their protocol
improved the precision and simplified the workflow but
decreased the trueness.?! Revilla-Leon et al®® used dif-
ferent scanning devices to carry out FS, and a transfer
fork was employed for registration. The length trueness
was 0.50~1.64 mm, and precision was 0.04~0.14 mm.3°
The transfer fork in their study was designed with a
curvature that fit closer to the face contour, because
the shape of the transfer fork may affect the registra-
tion accuracy. Raffone et al®’ designed a special shaped
transfer fork and evaluated the length and angle errors
of the virtual patient established by it. They registered
the CBCT image and the virtual patient and measured
the distance in-between corresponding tooth surfaces.
The length deviation of different fiducial markers was
0.18~1.07 mm, and the angle deviation was 2.17 + 0.46
degrees. However, the influence of the registration
marker position of the transfer fork on the accuracy of
the virtual patient was not investigated. Moreover, dif-
ferent scanning equipment was used in previous stud-
ies and the scanning environment was different, so the
results from previous studies could be affected by the
resolution of the scanning instrument, light, operator
experience and other factors and therefore could not
be compared quantitatively.

In the two transfer fork groups in this study, the fea-
ture length error of the posterior dental area was around
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twice that in the anterior dental area. The length from
the registration points on the transfer fork to the poster-
ior dental area in the sagittal direction was also about
twice as that from the anterior area. In the transfer fork
A group, the feature lengths and angles between facial
and dental fiducial markers were generally decreased
compared to the standard values on CBCT. It is possible
that the registered dentition position shifted in a straight
line in addition to rotation along the coronal axis.
By contrast, in the transfer fork B group, the feature
lengths between facial and dental fiducial markers were
generally increased, which indicated that the position of
the registered dentition changed downwards.

The registration point deforms to a certain extent
in scanning, which is more prominent on transfer
fork B (the registration markers were positioned on
bilateral mouth corners), thus influencing the fit of fea-
ture points and registration. This might be one of the
reasons why the registration trueness and precision of
transfer fork A were better than those of transfer fork
B. In view of the possible rotation in the registration,
whether the use of asymmetric shaped registration
points can solve this problem is worthy of further ex-
ploration.

By placing the registration markers of the transfer
fork in the middle position, the registration accuracy
can be improved and the data volume obtained during
transfer fork-dentition joint scanning can be reduced,
which is convenient for subsequent registration and
other data processing. The deviation of feature length
and angle in the transfer fork A group was similar to
that of clinical cases reported in the literature,3° which
met the accuracy requirement of establishing a virtual
patient.

In previous studies, various types of transfer fork
have been used for registration, and most studies
were clinical cases of complete denture restoration,
implant restoration and other treatments.22:26:27,29-35
Even though several studies quantitatively evaluate the
accuracy of the registration results,2037-3% few stud-
ies investigated the influence of registration markers
positions. The morphology of the transfer fork used in
different studies varied greatly.

It has been reported that the application of a man-
nequin head to establish virtual patients is feasible.?8 In
this study, the mannequin head was used for registra-
tion, which eliminated the influence of small changes
and slight movements of real human beings on the test
results. In the same place at the same time, the same
operator scanned the model, reducing the impact of
factors such as light and operator experience. By using
the mannequin in this study, CBCT imaging can be
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performed to obtain accurate standard values while
there is no real human exposure in the radiographic
examination.

The sources of error in the registration of the virtual
dentofacial patient mainly include dentition scanning,
FS and registration.

Affected by the intraoral brightness, the amount of
saliva, the breathing of the patient and the reflective
characteristics of teeth surface, the actual scanning
accuracy of the intraoral 3D scanner is always differ-
ent from the standard accuracy, and the accuracy of
single-crown scanning is better than that of full-arch
scanning.*! Thus, there are some differences between
the dental 3D morphological data obtained by 10S and
the actual form, which leads to incomplete fitting of
dental feature points and affects the registration.

The nominal accuracy of commonly used 3D facial
scanners is 0.024~0.2 mm.*? It is also affected by envi-
ronmental light, reflective characteristics, background
interference and other factors, resulting in length and
angle deviation. The present study showed that the
closer the registration markers on the transfer fork to
the midline, the higher the accuracy of FS. The most
obvious deformation can be observed in the outermost
scanning part, and this will have an impact on the ac-
curacy of registration. The facial fiducial markers also
deformed to some extent and affected the fit of feature
points.

The registration included dentition-transfer fork
registration and face-transfer fork registration. The
transfer fork was scanned by a 3D dental model scan-
ner. It was considered that the 3D scanning data were
consistent with the real shape of the transfer fork. Due
to the errors introduced in the dentition and face scan-
ning, there are some differences between the scanning
shape and the real shape. While best-fit alignment
reduces the impact of such differences on the registra-
tion, it cannot resolve them completely.

In subsequent studies, optimisation of the above
error can further improve the accuracy of establishing
virtual dentofacial patients.

The limitation of this study is the need for multiple
scanning devices to complete the establishment of the
virtual dentofacial patient. The production of the trans-
fer fork was complex, requiring 3D printing technology
and the bonding of three parts. As an in vitro study,
the result may not fully reflect the situation of a clin-
ical scenario. The dental and facial reflection degree,
mobility and other characteristics were different from
those recorded in real patients. Further in vivo studies
are needed to explore the factors that influence the
registration accuracy of the transfer fork.
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Conclusion

Registration using a transfer fork will introduce certain
linear and angular errors in the process of creating a
virtual dentofacial patient. The trueness and precision
of the virtual patient created using a transfer fork with
midline registration markers are significantly better
than those using a transfer fork with bilateral registra-
tion markers.
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