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Purpose: It is clinically important to accurately predict facial soft-tissue changes prior to orthog-
nathic surgery. However, the current simulation methods are problematic, especially in anatomic
regions of clinical significance, e.g., the nose, lips, and chin. We developed a new 3-stage finite ele-
ment method (FEM) approach that incorporates realistic tissue sliding to improve such prediction.
Methods: In Stage One, soft-tissue change was simulated, using FEM with patient-specific mesh
models generated from our previously developed eFace template. Postoperative bone movement was
applied on the patient mesh model with standard FEM boundary conditions. In Stage Two, the simu-
lation was improved by implementing sliding effects between gum tissue and teeth using a nodal
force constraint scheme. In Stage Three, the result of the tissue sliding effect was further enhanced by
reassigning the soft-tissue-bone mapping and boundary conditions using nodal spatial constraint.
Finally, our methods have been quantitatively and qualitatively validated using 40 retrospectively
evaluated patient cases by comparing it to the traditional FEM method and the FEM with sliding
effect, using a nodal force constraint method.
Results: The results showed that our method was better than the other two methods. Using our
method, the quantitative distance errors between predicted and actual patient surfaces for the entire
face and any subregions thereof were below 1.5 mm. The overall soft-tissue change prediction was
accurate to within 1.1 � 0.3 mm, with the accuracy around the upper and lower lip regions of
1.2 � 0.7 mm and 1.5 � 0.7 mm, respectively. The results of qualitative evaluation completed by
clinical experts showed an improvement of 46% in acceptance rate compared to the traditional FEM
simulation. More than 80% of the result of our approach was considered acceptable in comparison
with 55% and 50% following the other two methods.
Conclusion: The FEM simulation method with improved sliding effect showed significant accuracy
improvement in the whole face and the clinically significant regions (i.e., nose and lips) in compar-
ison with the other published FEM methods, with or without sliding effect using a nodal force con-
straint. The qualitative validation also proved the clinical feasibility of the developed approach.
© 2017 American Association of Physicists in Medicine [https://doi.org/10.1002/mp.12391]
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1. INTRODUCTION

Human facial appearance plays an integral role in daily life.
As such, dentofacial deformities may significantly impact
esthetics and function of the human face with the probability
of severe psychological impact. Orthognathic surgery is a sur-
gical procedure to correct these dentofacial deformities. Due
to the complex anatomy of the face and jaws, the success of
orthognathic surgery depends on not only a good surgical
technique, but also an accurate presurgical plan. Orthog-
nathic surgery involves osteotomies that cut the jaws into
pieces and then repositions them to desired (planned) posi-
tions. Facial soft tissues are “automatically” changed follow-
ing the bone movement. However, to date, only virtual
osteotomy can be accurately simulated.1–3 Facial soft-tissue
changes, as a result of the osteotomies, cannot be accurately
predicted because facial soft tissue’s anatomy is much more
complex than that of the rigid bones.

Attempts have been made to predict facial soft-tissue
changes following the osteotomies. At the beginning, soft-tis-
sue change was predicted based on bone-to-soft-tissue move-
ment ratios, which has been proven to be clinically
inaccurate.4 More recently, several reports have been pub-
lished on three-dimensional (3D) facial soft-tissue prediction
methods using finite element method (FEM),5,6 mass-spring
model7 and mass tensor model.8–10 Among these, FEM is
reported to be the most common, accurate and biomechani-
cally relevant method.11 Nonetheless, the prediction of facial
features following orthognathic surgery is still less than ideal,
especially around the nose, lips and chin regions, which are
critically important for facial esthetics and in evaluating sur-
gical outcome. Reported absolute errors in the predicted lip
were greater than 2 mm.12,13 Although not officially docu-
mented, it is a consensus among clinicians that error between
the planned and the actual soft tissue is acceptable if the error
is below 2 mm (mean error) or 3 (maximum error). There-
fore, there is an urgent clinical need to develop a reliable
method that can provide accurate predictions of facial soft-
tissue changes, especially in those aforementioned critical
regions.

In FEM simulation of facial soft-tissue change in the
orthognathic surgery, appropriate boundary conditions are
required to simulate the interaction between bone and soft tis-
sue. The most basic assumption for the orthognathic surgery
simulation is that the nodes of the FEM mesh move together
with the contacting bony surfaces as if they are attached to
each other.6 The nodes in contact with the corresponding
bony surfaces are first selected and then translated by the
same amount as the bone movement. However, this assump-
tion may lead to significant errors, especially when large
amounts of bone movement and occlusal changes are
involved. In addition, in contrast to human anatomy, cheek,
and lip mucosa are falsely attached to the bone and teeth in
this approach. More realistically, they need to slide over each
other. It is the authors’ belief that applying realistic sliding
effect can improve the inaccurate predictions around the criti-
cal regions.

There are many technical challenges in implementing real-
istic sliding movement of the mucosa in FEM simulations.
First, high computational power and extensive time are
required for the sliding effect simulation due to the dynamic
sliding mechanism between the mucosa and the bone-teeth
surface. This may limit its incorporation as a clinical tool. In
contrast, the force constraint technique has been proposed to
reduce the complexity of implementing sliding effect.9,10,14

Secondly, even if the sliding movement with force constraint
is implemented, the simulation results may still be inaccurate.
This is because generally no strict nodal displacement bound-
ary condition is applied to the sliding area. Since the soft tis-
sues at sliding surfaces follow the buccal surface profile of
the bones and teeth, it is necessary to consider the displace-
ment boundary condition for sliding movement. Thirdly,
mapping between the bony surface and FEM mesh nodes
needs to be reestablished after repositioning the bony seg-
ments to their desired planned position. The translation and
rotation of the osteotomized segments represent a discontinu-
ity within the prior existing mesh, which needs to be cor-
rected. This is critical because the initial relationship between
the bone and soft-tissue is not always preserved after the
repositioning of the bony segments. In cases of double-jaw
surgery involving mandibular setback or advancement, the
soft tissue’s contact region to the bones may either decrease
or increase. This mismatch may result in distortion of the
resulting mesh. Fourthly, the occlusal changes (e.g., from pre-
operative Class III cross-bite to postoperative normal Class I)
may cause mesh distortion in the lip region, where the upper
and lower teeth meet. Therefore, a simulation method with
more advanced sliding effect is required to increase the pre-
diction accuracy in critical regions such as the lips and chin.

We hypothesized that achieving a more realistic sliding
effect is a key factor for increasing the prediction accuracy of
facial soft-tissue deformation in clinically critical anatomic
regions. Therefore, we proposed a 3-stage FEM simulation
method that incorporates realistic sliding effects to increase
the accuracy of facial soft-tissue change prediction, especially
in critical regions. Our three-stage FEM prediction method
was validated using 40 retrospectively analyzed patient data-
sets who underwent a double-jaw orthognathic surgery. The
prediction results achieved with our approach were quantita-
tively and qualitatively analyzed and compared to the results
achieved with the other two methods: the traditional FEM
method and the FEM with sliding effect, using a nodal force
constraint method. A preliminary version of this approach
was first reported at the 7th International Conference on Med-
ical Imaging and Augmented Reality,15 then at 2016 Medical
Image Computing and Computer-assisted Intervention16 with
an update in evaluation. In this manuscript, both methodology
and clinical validation have been significantly improved.

2. MATERIALS AND METHODS

Our three-stage approach of predicting facial soft-tissue
changes following the osteotomies is described below in
detail. In the first stage, a patient-specific FEM model is
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generated, using a previously developed template model.17

Then, the rough facial soft-tissue changes are predicted as the
consequence of the virtual osteotomies and repositioning of
the bone segments in a patient specific numerical simulation
with standard boundary condition. In the second stage, the
simulation is improved by applying sliding effect of the
mucosa around the teeth and partial maxillary and mandibu-
lar regions. Nodal force constraint was implemented to simu-
late the sliding effect by considering only the parallel nodal
force on the sliding regions. In the third stage, nodal spatial
boundary conditions are applied as a fine-tuning technique to
increase the prediction accuracy by exactly reflecting the
bone surface geometry. During the simulation, the high-qual-
ity photography acquired from a 3D surface camera (3dMD
Inc, Atlanta, GA, USA) is mapped to the predicted result
using texture mapping.

2.A. Stage one: FEM simulation with standard
boundary condition

A uniform and homogeneous patient-specific volume
mesh (total of 38280 elements and 48593 nodes) was gener-
ated for FEM simulation using our previously developed and
validated eFace template.17 The inner and outer surfaces of
the template mesh were registered to the skeletal and facial
surfaces of the patient, respectively, using the anatomical
landmark-based thin-plate splines (TPS) technique. Then, the
internal mesh volume was morphed to the patient data by
interpolating surface registration results, using TPS.17

In our study, homogenous linear elastic material properties
were utilized in the model for computational efficiency.
Although prior bench tests and numerical studies have inves-
tigated optimal soft-tissue properties for the replication of
biomechanical effects, no significant differences in simula-
tion results were found among varying linear elastic material
properties.11,18,19 Furthermore, since the focus of our study is
on shape deformation patterns due to surgery rather than on
force requirements to move tissues, we can rely on a bulk
modulus definition with nearly incompressible material prop-
erties. Consequently, when assuming minimal retained inter-
nal tissue stress 6 months after surgery, the current method is
seeking information on soft-tissue volume distortion whereby
the material definition is essentially independent of Young’s

modulus and has a Poisson’s ratio near incompressibility. In
our simulation model, we assign a Young’s modulus within
physiological limits [3000 (Pa)] and 0.47 for Poisson’s
ratio.18,19

Nodes of the FEM mesh are divided into boundary nodes
and free nodes (Fig. 1). Free nodes are spatially uncon-
strained and their displacements [color coded in greenblue
(or Gray in B&W) in Figs. 1(c) and 1(d)] are determined by
the displacements of boundary nodes, using FEM. Boundary
nodes are further divided into fixed, moving, and sliding
nodes. Areas not affected by surgery are defined as fixed
nodes (red (or dimgray in B&W) in Fig. 1), thus fixed nodes
have zero nodal displacement relative to their counterpart,
e.g., bone.

In the first stage, moving nodes that are assumed to move
in sync with the osteotomized bony segments are assigned on
the mesh inner surface [blue (or lightgray in B&W) in
Fig. 1(a)]. A search algorithm is used to determine the closest
corresponding relationship between vertices on the surface
mesh of the bony segments to the nodes of the mucosa mesh
(moving nodes). The movement vector (magnitude and direc-
tion) of each bony segment in accordance to the surgical plan
is then applied to the moving nodes as the nodal displacement
boundary condition.

The movement of the free nodes was calculated by solving
global FEM equation: Kd = f, where K is a global stiffness
matrix, d is a global nodal displacement vector, and f is a glo-
bal nodal force vector. This equation can be rewritten as
follows:

K11 K12

KT
12 K22

� �
d1
d2

� �
¼ f1

f2

� �
(1)

where d1 is the displacement of the moving and fixed nodes,
d2 is the to be determined displacement of the free nodes.
Here f1 is the nodal force on the moving and fixed nodes, and
f2 is the nodal force on the free nodes. During FEM calcula-
tion, because the free nodes are spatially unconstrained, its
nodal force is assumed to be zero in all directions. With this
assumption (f2 = 0), the nodal displacement of the free
nodes, d2 , can be directly calculated: d2 = �K�1

22 K
T
12d1 [from

Eq. (1)]. The resulting d d1 and d2ð Þ in this first-stage simu-
lation is the soft-tissue change prediction result for the first
stage.

(a) (b) (c)

The inferoposterior
regions 

(d)

FIG. 1. Mesh nodal boundary condition. (a) Mesh inner surface boundary condition (illustrated on the skull) for the first stage only; (b) Mesh inner surface
boundary condition for the second stage only; (c) Mesh inner surface boundary condition (illustrated on the skull) for the third stage only. (d) Posterior and
superior surface boundary condition for all stages. (Note that the inferoposterior regions are the fixed nodes in the first and third stage); Color coding of fixed
nodes: red (or dimgray in B&W); Moving nodes: Blue (or lightgray in B&W); Sliding nodes: pink (or silver in B&W); Free nodes: GreenBlue (or gray in
B&W); Tenting of periosteum: green (or gray in B&W). [Color figure can be viewed at wileyonlinelibrary.com]
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2.B. Stage two: FEM simulation with sliding effect
using nodal force constraint

In the second stage, the sliding effect is applied by adjust-
ing boundary conditions to improve the prediction result.
Sliding nodes [pink (or silver in B&W) in Fig. 1(b)] are
assigned around the mouth, which include mucosa around
the lips, inner cheeks, corresponding inner mesh surfaces of
the partial maxilla and mandible, and teeth. Although widely
used to simulate sliding movements in mechanical problems,
the simple roller support boundary cannot be applied to the
mucosa because of the complex surface geometry of the bone
and teeth. Unlike sliding along articulating surfaces, the slid-
ing movement of the mucosa is not congruent and varies
along the bony surface geometry. Furthermore, the sliding
mechanism of mucosa over bony surface is a dynamic pro-
cess. Realistic simulation of dynamic sliding movement,
using FEM is complex and computationally expensive.
Therefore, a force constraint approach that mimics the sliding
movement in a non-dynamic fashion was adopted in this
study to simulate sliding movement of the mucosa in an effi-
cient way.9,10,14 In the force constraint mode, sliding nodes
move along the bone surface and only the tangential compo-
nent of sliding nodal force to the corresponding bone surface
is assumed to be zero.9,10,14 In previous studies related to
facial simulations, a limited area around the teeth was simu-
lated to reflect sliding boundary conditions.9,10 In our current
study, a partial region of the inferior ramus was also included
as part of the sliding area to reduce the effects of mesh distor-
tion in the posterior region of the mandible [pink (or silver in
B&W) in Fig. 1(b)].

The movement vector of each bony segment is applied to
the moving nodes, as was done in the first stage. However,
nodes in the areas, where two (proximal and distal) bony seg-
ments of the mandible collide with each other due to surgical
movements, are not regarded as moving boundary nodes.
Rather, nodes in these areas are designated as free nodes in
order to prevent mesh distortion at the mandibular inferior
border. Moreover, tenting of periosteum is considered as a
moving boundary for the purpose of this approach [green (or
gray in B&W) in Fig. 1(b)]. This is implemented because
intraoperatively degloved soft tissue and displaced bony seg-
ments in these regions causes the tenting of the periosteum
between the moved Le Fort segment and the unmoved mid-
face, which subsequently affects the postoperative facial soft-
tissue geometry. The tenting of periosteum is added onto its
corresponding moving nodes by shifting the nodes an addi-
tional 2 mm anteriorly, causing changes in nodal displace-
ment boundary condition. Although not formally
documented, the suggested 2 mm tenting adjustment is the
best estimate based on the actual thickness of the titanium
plate for rigid fixation and our clinical observations.

Note that in the second stage, free nodes are assigned to
the inferoposterior regions of the soft-tissue mesh. This is
important because in conjunction with the sliding boundary
condition at the ramus (explained above), these free nodes
maintain the integrity of the soft tissue. In addition, these free

nodes also protect the flexibility and smoothness of the poste-
rior and inferior mandibular regions when excessive
mandibular advancement or setback occur.

An iterative FEM implementation algorithm was devel-
oped to calculate the movement of the free and sliding nodes
by solving the FEM equation [Eq. (1)]. In the second stage,
d1 is the displacement of the moving and fixed nodes, d2 is
the sought after displacement of the free and sliding nodes.
The f2 is the nodal force on the free and the sliding nodes.
The nodal force of the free nodes is assumed to be zero, and
only tangential nodal forces along the contacting bone sur-
face are considered for the sliding nodes.9,10,14

The final value of d2 is calculated by iteratively updating
d2 with Eq. (2) until the converging condition is satisfied.
Through our preliminary studies, it was determined that the
iteration will be halted if the delta change in d2 updatebetween
the two iterations converges below 0.01, which represents less
than 1% of the expected peak displacement error of the mesh
(details are described below).

d2
kþ1ð Þ ¼ d2

kð Þ þ d2 update
kð Þ; k ¼ 1; 2; . . .::; nð Þ (2)

d2 update is calculated as follows. First, f2 is calculated by sub-
stituting current d2 into Eq. (3), which is derived from
Eq. (1). At the start of the iteration (k = 1), the initial d2 is
randomly assigned and substituted for d2to solve Eq. (3). The
f2 is composed of nodal forces of the sliding nodes (f2 sliding)
and the free nodes (f2 free).

f2 ¼ KT
12 d1 þ K22d2 (3)

Second, f t2 is calculated by transforming the nodal force
that corresponds to the sliding nodes among f2 to include
only the tangential nodal force components.9,10,14 Now, f t2 is
composed of the nodal force of the free nodes (f2 free ) and
only a tangential component of the nodal force of the sliding
nodes (f t2 sliding).

In the final step of the iteration, f2 update is acquired to
determine the required nodal displacement (d2 updateÞ. The
nodal force f2 update is the required nodal force to make f2 free

zero and is calculated by the difference between f t2 and f2
(f2�f t2 ). d2 update is finally calculated as follows:

d2 update ¼ �K�1
22 f2 update þ KT

12d1
� �

(4)

Equation (4) is derived from Eq. (1). Then, d2
kþ1ð Þ calcu-

lated using Eq. (2). The iteration continues until the maximal
absolute value of d2 update converges below 0.01 (k = n). The
final values of d (d1 and d2 ) represent the displacement of
mesh nodes after applying bone movements and the sliding
effect using nodal force constraint. The algorithm was imple-
mented in MATLAB. The resulting d in this second-stage
simulation is designated as d2nd stage.

2.C. Stage three: FEM simulation with sliding effect
using nodal spatial constraint

According to human physiology, the mucosa (the inner
side of the soft-tissue volume mesh) contacts the teeth and
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buccal surface of the bone. However, calculations from the
second stage only accounts for the nodal force constraint.
Thus, the second-stage results of the predicted facial soft-tis-
sue transformation may contain a mismatch between the sim-
ulated mesh inner surface and the bony outer surface (Fig. 2).
The objective of the third stages to reduce this mismatch by
applying nodal spatial constraint to refine the result of the
nodal force constraint from the second stage.

It is also necessary to redefine boundary mapping between
the bone surface and mesh nodes in the sliding area. The rela-
tionship between the bone surface vertices and the mucosa
mesh nodes has changed after bony segment movement (sim-
ulated in the first and second stage). To adjust for this change,
the first step in the third stage is to assign the nodes of the
inner mesh surface that correspond to the part of maxilla and
mandible as moving nodes. Moving nodes in this stage are
selected in the area where the mismatch between the simu-
lated mesh inner surface and the bony outer surface may
occur [blue (or lightgray in B&W) in Fig. 1(c)]. Therefore,
the nodes correspond to the sliding nodes of the maxilla in
the second stage and the distal segment of the mandible are
assigned as moving nodes as shown in Fig. 1(c).

The nodal displacements of the moving nodes are then
calculated by finding the closest point from each mesh node
to the bone surface. This is in reverse order of the previous
stages. The assignment is processed from the cranial to cau-
dal direction, which ensures implementation of appropriate
boundary condition (nodal spatial constraint) without mesh
distortion (Fig. 2). This was decided because clinically the
postoperative lower teeth are always inside of the upper teeth
(as a normal bite) despite preoperative conditions. Care is
taken to shift the vertical node displacement evenly between
the superior and inferior nodes in order to prevent two verti-
cal nodes from referring to the same point on the bone sur-
face. This procedure prevents nodes with the same nodal
displacement from being counted twice. The summation of
previous steps solves the mismatch problem between the
bone surface and its contacting surface on the inner side of
the simulated soft-tissue mesh. Once computed, the vector
between each node and its closest corresponding vertex on
the bone surface is assigned as the nodal displacement for the
FEM simulation. The calculated nodal displacement serves
as the nodal spatial constraint in the third stage that ensures
the geometrical match between the simulated mesh inner sur-
face and the bony outer surface.

Free nodes at the inferoposterior surface of the soft-tissue
mesh in the second stage [the inferoposterior regions of the
soft-tissue mesh in Fig. 1(d)] are now assigned as fixed nodes
in this stage. In the second stage, due to mandibular move-
ments from osteotomy, the inferoposterior surface of the soft-
tissue mesh is designated as free nodes to increase the
degrees of freedom and to prevent mesh distortion in the infe-
rior border of the mandible. In the third stage, since mandibu-
lar movements are already applied in the second stage, the
total inferior surface of the mesh is designated as fixed nodes
to prevent undesirable further deformation in the inferior bor-
der of the mandible. Note that the boundary condition for
tenting of periosteum applied in the second stage remained
the same. The remainder of the nodes are assigned as the free
nodes [GreenBlue (or gray in B&W) in Figs. 1(c) and 1(d)].
Unlike the previous boundary assignment, there are no slid-
ing nodes since the sliding translation has already occurred.
The global stiffness matrix (K), the nodal displacement (d)
and the nodal force (f) are reorganized according to the new
boundary conditions. The third-stage results are calculated by
solving Eq. (1). Based on the assumption that the nodal force
of the free nodes, f2, is zero (note no sliding nodes in the third
stage), the nodal displacement of the free nodes, d2, can be
directly calculated without iteration as follows: d2=
�K�1

22 K
T
12d1 (same as the first stage). Then, the final d (d1

and d2) is designated as d3rd stage. Lastly, the overall nodal
displacement matrix is calculated by combining the resulting
nodal displacements of the second (d2nd stage) and the third
(d3rd stage) FEM simulations.

3. EXPERIMENTS AND RESULTS

3.A. Patient subjects

Our approach was evaluated quantitatively and qualita-
tively, using 40 sets of data of patients (22 females and 18
males) who were diagnosed with dentofacial deformity and
had underwent double-jaw surgery. Their mean age was
22.5 yr with a standard deviation of 3.2 yr. The study was
approved by our Institutional Review Board (IRB# 0413-
0045). The inclusion criteria were: (a) patients who were
diagnosed with dentofacial deformity; (b) patients who under-
went double-jaw surgery, either with or without a genioplasty;
and (c) patients who had a complete record of preoperative
and postoperative CT scans and 3D photographs of the face

Bone surface

Inner surface of 
the volume mesh

Inner surface of 
the mesh

Gap resulted from the 
first stage simulation

Direction of 
closest point 
searching

Bone surface

Outer surface of 
the mesh

Nodal 
displacement 
assignment

(a) (b)

FIG. 2. Assigning nodal spatial constraint. (a) Description of nodal displacement boundary condition assignment in the third stage. (b) Mismatch between the
simulated mesh inner surface and the bone surface after sliding effect using nodal force constraint. [Color figure can be viewed at wileyonlinelibrary.com]
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captured using a 3D surface camera (3dMD), in which the
postoperative 3D photographs must be captured at least six
months after the surgery in order to avoid the surgical swel-
ling, while the postoperative CT scans were acquired within
the first six weeks after the surgery based on our clinical rou-
tine20 (no long-term CT scans were acquired because of
unnecessary ionizing radiation exposure to the patients). The
exclusion criteria were: (a) patients who were diagnosed with
a syndromic deformity; and (b) patients who underwent a sec-
ondary revision, either bony or soft tissue, after the orthog-
nathic surgery. The patient demographic data is listed in
Table I. The CT scans were acquired using our standardized
scanning protocol: 512 9 512 of scanning matrix, 1.25 mm
of slice thickness, and 25 cm of field of view. Please note:
skeletal Class I indicates a correct relationship between the
maxilla and the mandible, skeletal Class II dentofacial defor-
mity indicates a retrusive mandible in relation to the maxilla,
and skeletal Class III dentofacial deformity indicates a protru-
sive mandible in relation to the maxilla.

3.B. Facial soft-tissue change prediction using
three different methods

The facial soft-tissue change prediction was completed,
using the following three methods. Method #1 is the tradi-
tional FEM simulation without employing the sliding effect.6

It is the algorithm used in the first stage of our approach.
Method #2 is the traditional FEM simulation with sliding
effect using nodal force constraint.9,10 It is the algorithm used
in the first and second stages in our approach. Method #3 is
the FEM simulation with sliding effect using nodal spatial
constraint. It is our complete three-stage approach.

Prior to the prediction, the bony structures were seg-
mented from the CT scan using thresholding (226 Hounsfield
Unit) and manual editing. The movement vectors of each
bony segment were computed using the preoperative and
postoperative CT datasets (Fig. 3). Postoperative CT scans
were first registered to preoperative CT scans using our
previously proven surface-best-fit method (accuracy:
0.12 mm � 0.19 mm).21 It was completed by matching both
datasets at surgically unchanged regions, i.e., cranium and
midface. Virtual osteotomies were then performed on the pre-
operative CT data according to the postoperative CT data.
Next, to calculate bony segment movement vectors as per-
formed on the patient, virtually osteotomized preoperative
bony segments were moved and registered from its original

preoperative position to the postoperative position. The trans-
lational and rotation movements were ranged from 0.0 to
7.0 mm and 0.0 to 9.6° for the maxillary Le Fort I segment,
and from 0.0 to 8.8 mm to 0.0 to 9.4° for the mandibular dis-
tal segment. The registration was completed and cross-veri-
fied by two experienced oral and maxillofacial surgeons
(D.C.H. and H.M.).

Each patient’s preoperative CT soft tissue was also
replaced by his/her 3dMD 3D facial scan data prior to the
prediction. This was done to correct operational and mechan-
ical errors in the CT soft-tissue model. During the CT scan,
the patient was usually in the supine position, causing facial
soft-tissue sagging due to gravity. In addition, radiographic
technologists usually lacked experience in relaxing patient’s
facial expression, causing unwanted strained lips, opened
mouth, or unnatural facial expression. In contrast, 3dMD
photographs (surface models) were taken in the medical
office by experienced clinicians, thus to ensure the natural
facial expression. To replace the CT soft tissue, the preopera-
tive 3dMD facial surface was registered to the corresponding
CT facial surface by superimposing rigid facial regions, i.e.,
forehead, nasal bridge and tragus.1,22 For the purpose of eval-
uation, the postoperative 3dMD facial surface was also regis-
tered to the preoperative 3dMD facial surface using the same
registration method. The registration was also completed and
cross-verified by the same two oral and maxillofacial
surgeons.

Finally, the calculated bony segment movement vectors
were applied to the preoperative models to simulate the soft-
tissue changes using the aforementioned three methods as a
moving boundary condition. During the prediction, the post-
operative models were not used.

3.C. Quantitative and qualitative evaluations for
clinical validation

The prediction error was evaluated for the entire face and
eight subregions, which were virtually divided using anatom-
ical landmarks: palpebrale inferius, alar, subnasale, cheilion,
and labrale inferius (Fig. 4). For the quantitative evaluation,
mean and maximum displacement errors were computed
using absolute mean Euclidean distances along the normal
vectors between the predicted result and the actual postopera-
tive outcome for the entire face and each of the eight subre-
gions. In both computation, the direction of the vector was
from the postoperative surface to the predicted surface. A
repeated measures analysis of variance (ANOVA) and post
hoc tests were used to detect any statistically significant dif-
ference among the simulated results using three methods.
Since there was no published data on what the magnitude of
an error is acceptable clinically, we defined the validation cri-
teria based on the consensus among the oral surgeons. We
considered the prediction accuracy was validated if the mean
displacement error was less than 1.5 mm and the maximum
displacement error was less than 3 mm. One-tailed paired
t-test was used to check whether the errors satisfy the estab-
lished validation criteria.

TABLE I. The classification of dentofacial deformity and the surgery.

Classification of deformity
Double-Jaw surgery

Genioplasty

Yes Yes No

Skeletal class I 5 1 4

Skeletal class II 7 4 3

Skeletal class III 28 10 18

Subtotal 40 15 25
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Qualitative validation was based on an equivalent test, i.e.,
the predicted result should be as good as the actual postoper-
ative outcome. The same two oral and maxillofacial surgeons
together completed the evaluation. The predicted results
using aforementioned three methods were compared to actual
postoperative images using a binary visual scoring scale
(Unacceptable: the predicted result was not clinically realis-
tic; Acceptable: the predicted result was clinically realistic
and very similar to the postoperative outcome). The surgeons
were unaware of the method behind each predicted result.
They evaluated the predicted results based on their clinical
judgment, consensus and the following correlated considera-
tions: (a) whether we would show the predicted facial soft tis-
sue to the patient – the predicted result was realistic; (b)
whether the relationship of the upper and lower lips was cor-
respondent to the actual surgical outcomes; (c) whether the

symmetrical alignment of the lips were correct; (d) whether
the projection and symmetrical alignment of the nose and
chin were correct; and (e) whether the predicted facial mesh
was smooth without distortion (the integrity of the mesh).
The chi-square test was used to detect the statistical signifi-
cant differences.

3.D. Evaluation results

We successfully predicted facial soft-tissue changes for all
40 patient subjects using three methods. Figure 5 shows two
randomly selected examples of the predicted results with tex-
ture mapping. The results of each method were then com-
pared with postoperative soft tissue quantitatively and
qualitatively for the entire face and eight subregions (Fig. 6).

The results of the quantitative evaluation are shown in
Table II. The accuracy of the facial soft-tissue change predic-
tion result achieved with our three-stage method, the FEM
simulation with sliding effect using nodal spatial condition,
was statistically significant better than the ones achieved with
either Method #1 or #2 (P < 0.05). In addition, the accura-
cies in critical regions, i.e., nose, lips, and malar, were also
statistically significantly improved using our method
(P < 0.05). Furthermore, the chin region predicted using our
method also showed a trend of improvement (Table II). Our
three-stage method also improved the cases with exception-
ally large error for critical regions (Example Patient #1 in
Fig. 5) compared to the current methods. Maximum value of
mean displacement error for our complete 3-stage method
among 40 patient cases decreased from 6.6 mm to 3.2 mm
and 6.7 mm to 3.5 mm for the lower lip and the chin region,
respectively, compared to that of Method #1. Ultimately,

(a) (b)

(c)

z axis
(yaw)

y axis
(roll)

x axis
(pitch)(d)

(e)

FIG. 3. Computing bony segment movements for soft-tissue change prediction. (a) Preoperative positions of maxillary, mandibular, and chin segments. (b) Corre-
sponding preoperative facial 3D color photograph of the preoperative facial soft tissue. (c) Postoperative position of the maxillary, mandibular, and chin seg-
ments. (d) Corresponding postoperative facial 3D color photograph of the preoperative facial soft tissue. (e) Computed surgical movements of the bony segments
by registering preoperative bony segments to postoperative ones. Computed movement vectors of bony segments by first registering the postoperative CT models
to the preoperative CT models at surgically unchanged regions (i.e., cranium and midface), then registering each virtually osteotomized preoperative bony seg-
ment from its original position to the postoperative one. Arrows represent the movements of the bony segment relative to the surgically unaltered cranium and
midface. The coordinate system follows the right-hand rule. [Color figure can be viewed at wileyonlinelibrary.com]

1

7 2 8
3

4

5 6
(a) (a)

(b) (b)
(c)

(d) (d)

(e)

FIG. 4. Sub-regions (automatically divided using anatomical landmarks). The
anatomical landmarks were: (a) palpebrale inferius, (b) alar, (c) subnasale,
(d) cheilion, and (e) labrale inferius. [Color figure can be viewed at wileyonli-
nelibrary.com]
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among the three methods, only the results predicted using our
complete 3-stage method met the quantitative clinical criteria.
All the averaged mean displacement errors were below
1.5 mm for the entire face and eight subregions (P < 0.05),
and all the averaged maximum displacement errors were less
than 3.0 mm for all subregions except the lower lip
(P < 0.05).

Results of the qualitative evaluation showed that 80% (32/
40) of the predicted results achieved with our method were
clinically acceptable. It was significantly better than the other
two methods (P < 0.05). In comparison, only 55% (22/40)

and 50% (20/40) of the predicted results were acceptable for
the results achieved with Methods #1 and #2, respectively.

4. DISCUSSION

We have successfully developed and validated a 3-stage
FEM simulation method to predict the facial soft-tissue
changes following orthognathic surgery. This method has
been proven better than the current methods. The patient-
specific soft-tissue FEM model can efficiently be generated
by deforming our eFace FEM template without the need to
build a unique FEM model from raw data for each patient.
This reduces processing time in MATLAB from > 20 h
down to < 10 min, thus making our FEM simulation feasible
for clinical use. The evaluation result showed our method
increased the accuracy in clinically critical regions (i.e., nose
and lips) and entire face compared to the traditional method
without sliding effect. The result also improved limitation of
the current sliding effect simulation method with nodal force
constraint by adding nodal spatial constraint. Finally, our
method was validated using 40 sets of data from actual
patients with different types of dentofacial deformities
(skeletal Class I, II and III) and who underwent double-jaw
orthognathic surgery. A third of them also underwent genio-
plasty. This further strengthened the clinical applicability of
our method.

A major advantage of our method is an efficient sliding
effect with spatial constraint simulation algorithm with
improved boundary condition. First, sliding movement was
simulated in a stepwise fashion without implementing com-
plicated dynamic mechanism of sliding. Second, our com-
plete three-stage method solved the excessive errors in
vertical and horizontal direction appeared in the result of cur-
rent methods (method without sliding effect and method with
nodal force constraint). The improved sliding effect solved
substantial errors in critical regions that can occur without
applying sliding effect with nodal spatial constraint. Third,
the enhanced definition of the boundary condition clearly
solved the mesh distortion problem in both the sliding
regions and bone collision regions where the proximal and
distal segments of mandible meet. The modifications to
boundary conditions in Stage Two and Three contributed to
protecting the flexibility and smoothness of the mandible
when excessive mandibular advancements or setback occur.
Additionally, the developed method can be easily integrated
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FIG. 5. Randomly selected two examples of simulated results with color tex-
ture mapped. The top row shows the frontal view while the bottom row shows
the right view for each example patient. (a) Preoperative soft tissue. (b) Pre-
dicted soft-tissue change using Method #1. (c) Predicted soft-tissue change
using Method #2. (d) Predicted soft-tissue change using Method #3, our
complete 3-stage approach. (e) The actual postoperative soft tissue. For the
Example Patient #1, the quantitative analysis showed 7.8 and 6.5 mm of max-
imum displacement error for Methods #1 and #2 in the chin region, respec-
tively, while that of Method #3 was 1.0 mm. However, the upper and lower
lip relationship resulted from the Method #3 was only getting similar to the
actual postoperative lip relationship, even though the quantitative error was
significantly improved. For the Example Patient #2, the quantitative analysis
showed 3.6 and 5.3 mm of maximum displacement error for Methods #1 and
#2 in the lower lip region, respectively, while that of Method #3 was 3.2 mm.
The result achieved with Method #3 is the only one showing correct upper
and lower lip relationship comparing to the actual postoperative soft tissue,
even though the quantitative improvement was not significant. [Color figure
can be viewed at wileyonlinelibrary.com]
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Mesh result

Postop facial scan

Postop
Bone

Mesh inner 
surface 

FIG. 6. An example of quantitative and qualitative evaluation results. The predicted mesh (red (or gray in B&W)) is superimposed onto the postoperative bone
(green (or dimgray in B&W)) and soft tissue (light yellow (or lightgray in B&W)). (a) The predicted result using Method #1. (b) The predicted result using
Method #2. (c) The predicted result using Method #3. [Color figure can be viewed at wileyonlinelibrary.com]
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into the computer-aided surgical simulation system in the
future because it follows the same protocol of surgical simu-
lation system.

Achieving accurate prediction of lip region is clinically
important and a challenge.12,18 Although our method showed
significantly improvements on accurately predicting the lips
over the other methods, preoperative strained lower lip was
not considered in our 3-stage method. During the orthog-
nathic surgery, the strained lower lip can automatically be
corrected to the reposed state by a simple horizontal surgical
movement (either mandibular setback or advancement).
However, the same is not true in virtual prediction. All eight
clinically unacceptable results generated by our three-stage
FEM method were due to this particular reason. Addition-
ally, lack of ability to simulate the interaction between the
lips might have led to the inaccuracy in the lip region.12,23

We are currently working on solutions for this clinically
observed phenomenon considering aforementioned possible
cause.

The quantitative results in this study did not necessarily
reflect the qualitative results, and vice versa (Fig. 5). How-
ever, they are complementary to each other. The clinicians
could quickly recognize geometrical features of the face, e.g.,
overall facial balance, the relationship between the upper and
lower lips and clinical feasibility (whether the predicted cor-
rection was clinically achievable). This information could be
sufficiently represented by quantitative analysis, even with
the surface deviations calculated using the surface normal
information. In addition, the unnatural shape and position of
the lips, labiomental fold, and chin, and the mesh distortion
in the cheek regions (mandibular inferior border) could only
be recognized by qualitative analysis with the clinicians’ eyes.
However, it was difficult for the clinicians to distinguish sub-
tle regional differences. This is because the human eyes have
tolerance in measuring size and position. Therefore, a more
sophisticated evaluation method combing the strength of both

the quantitative and qualitative evaluation is required in the
future.

5. CONCLUSION

We developed a novel and now clinically validated three-
stage FEM approach to better predict facial soft-tissue
changes following orthognathic surgery. The main features of
our approach included the enhanced sliding effect between
mucosa and the teeth around the mouth area. Our overall goal
was to improve predictability of facial features, and thereby
clinical outcome, specifically around the upper lip and lower
lip areas. The simulation result of the complete three-stage
method showed significant improved prediction accuracy in
clinically critical region (i.e., nose and lips) compared to the
current FEM simulation methods. However, the accuracy in
the lip, especially the lower lip, still requires further improve-
ment. The clinicians’ qualitative evaluation also proved that
our approach is clinically acceptable. We found that the quan-
titative error evaluation doesn’t necessarily correspond with
the clinicians’ qualitative evaluation. Therefore, improved
error evaluation method reflecting both the quantitative and
qualitative evaluation result is necessary for more accurate
and objective evaluation in the future.
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TABLE II. Quantitative evaluation results. Accuracy improvement (%) of the results with sliding effect using nodal force constraint (Method #2) and sliding effect
using nodal spatial constraint (our method) over the traditional FEM simulation result with standard boundary condition without sliding effect (Method #1) for
40 patients.

Mean error (mm) (Mean � SD) Maximum RMSD (mm) (Mean � SD)
Improvement over Method #1

(%)

Region Method #1 Method #2 Our method Method #1 Method #2 Our method Method #2 Our method

Entire face 1.2 � 0.4 1.3 � 0.5 1.1 � 0.3 �4.9 8.6b

1. Nose 1.0 � 0.4 0.9 � 0.4 0.9 � 0.3 3.2 � 1.2a 2.8 � 1.1 2.8 � 1.0 11.4 12.1b

2. Upper lip 1.4 � 0.9 1.8 � 1.1a 1.2 � 0.7 3.6 � 2.2a 3.3 � 1.4 2.7 � 0.9 �25.0b 16.8b

3. Lower lip 1.8 � 1.2a 2.4 � 1.6a 1.5 � 0.7 4.5 � 2.3a 4.7 � 2.4a 3.5 � 1.4a �34.1b 16.9b

4. Chin 1.4 � 1.0 1.6 � 1.1 1.3 � 0.7 3.1 � 1.4 3.9 � 2.2a 3.0 � 1.2 �14.5b 4.6

5. Right malar 0.9 � 0.5 0.8 � 0.4 0.9 � 0.5 2.4 � 0.8 2.1 � 0.6 2.4 � 1.5 12.8b 6.7

6. Left malar 0.9 � 0.4 0.8 � 0.3 0.8 � 0.3 2.4 � 0.8 2.3 � 0.8 2.3 � 0.8 3.1 8.1b

7. Right cheek 1.3 � 0.7 1.2 � 0.6 1.2 � 0.6 3.5 � 1.5a 3.5 � 1.5a 3.0 � 1.0 1.9 4.4

8. Left cheek 1.4 � 0.5 1.4 � 0.6 1.3 � 0.6 4.2 � 3.1a 3.6 � 1.5a 3.1 � 1.0 �1.0 8.0

aIndicates that the result is significantly larger than the validation criteria (1.5 mm for average error and 3mm for average maximum error) (P < 0.05).
bIndicates that the result is significantly different from the result achieved with Method #1 (P < 0.05).
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