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Abstract:  This paper presents a novel method for assisting surgeons in automatically computing an optimal surgical plan by
directly specifying the desired correction to a facial outline. First, the desired facial appearance is designed using a 3D sculpturing
tool, while the cut regions of the skull are defined based on facial anatomy. Then, the deformation of the face meshes is performed
using an improved biomechanical model in which virtual external forces are driven by the displacements corresponding to the
differences of node coordinates between the original and specified face meshes, and free nodes and fixed nodes are defined in
terms of the contact surfaces between the soft tissues and the bones within the cut regions. Finally, the shape of the contact surfaces
is updated following the deformation of the soft tissues. After registering the deformable contact surfaces and the cut surfaces, the
final positions of the cut bones are estimated. Evaluation of preliminary experimental results quantitatively shows the effectiveness

of the proposed approach.
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1 Introduction

Plastic surgery is one of the most popular
cosmetic procedures. The goal is to improve the
cranio-maxillofacial aesthetically, by harmonizing it
with other facial features; thus, the capacity to set up
and design the optimal surgery schemes within a
computer-assisted surgical (CAS) planning system
presents a critical need for surgeons. In the past, many
methods have been proposed, in the form of CAS
planning systems, for performing bone-related
pre-operative planning and deformation simulation of
soft tissues. The former includes osteotomy
simulation, and tools for virtual distraction and
evaluation (Everett et al., 2000; Schutyser et al.,
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2000). For deformation simulation of soft tissues,
earlier work in this field mainly focused on animation
based on masses and springs (Lee et al., 1995), which
was widely used in facial animation. These appli-
cations had a different emphasis from those applied in
surgical simulators. The intention of the animation
was to realistically mimic facial expressions, not to
simulate the accurate physical behavior of human soft
tissues. Afterwards, several facial soft tissue models
based on finite element modeling were developed
(Keeve et al., 1996; Koch et al., 1996). Unfortunately,
the features of living tissues were not taken into
account in these models, and thus the deformations of
the soft tissues were unrealistic. Consequently, some
research has focused on the biomechanical modeling
of soft tissues (Zachow et al., 2000; Gladilin et al.,
2001). Moreover, non-linear and anisotropic deform-
able models were proposed to enhance the accuracy
of the deformations of the soft tissues (Picinbono et
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al., 2001; 2003). In addition, Zachow et al. (2006)
presented a general procedure to model, plan, and
simulate the plastic surgery in a CAS, which allows
for pre-operative assessment of different therapeutic
strategies. Furthermore, much work has been per-
formed to quantitatively and qualitatively evaluate the
effectiveness of the deformable models of the soft
issues (Zachow et al., 2004; Westermark et al., 2005;
Mollemans et al., 2007).

Nevertheless, the methods remain limited to the
prediction of soft tissue deformation. The bone-
related planning that affects the desired tissue de-
formation must still be developed by the surgeon.
This process is both tedious (one must iterate through
multiple skull-remodeling plans before converging on
a suitable solution) and challenging (the precise face
configuration sought after may be difficult to obtain
with this approach). A superior strategy would first
allow the desired facial outline to be specified, and
then automatically determine the appropriate surgical
plan that precisely yields the post-operative facial
appearance of interest. This approach is addressed in
this work, and is also effectively the inverse problem
in predicting soft tissue deformation. The implemen-
tation employs an improved biomechanical model for
the face to enhance tissue behavior in the simulation.
Specifically, mixed element modeling is developed to
allow skin and soft tissues to be discretized with dif-
ferent finite element types and assigned with unique
material properties. The approach automatically
generates the new positions of cut bones with which
surgical plans can be optimized to obtain the final
facial configuration.

2 Materials and methods
2.1 Material properties

Soft tissues generally exhibit anisotropic, non-
homogeneous, non-linear, and plastic-viscoelastic
material properties (Fung, 1993). In this paper, to
simplify finite element modeling, the non-linear
mechanical behaviors of the bulk soft tissues are de-
fined through a hyper-elastic model. The investiga-
tion of the hyper-elastic models was conducted in
Chabanas et al. (2004), Natali et al. (2006), Sokhan-
var et al. (2008), and Wang and Yang (2009). In ad-

dition, Wang and Yang (2010) evaluated the effec-
tiveness of the hyper-elastic models, and investigated
the choice of the strain energy functions and material
parameters. The general hyper-elastic model is
summarized as follows.

A hyper-elastic large strain model generally can
be represented by a strain energy density function,

W =W(C), )

where C is the right Cauchy-Green tensor.

To choose an appropriate strain energy density
function, the facial soft tissue is assumed to be nearly
incompressible, homogeneous, and isotropic elastic
material, and thus the two-term Mooney-Rivlin (M-R)
equation can be used to express the strain energy
function:

W(I,,1,)=Cy(1,-3)+Cpy(1,-3),  (2)

where Cqg and Cy; are material constants, and |, and I
are the first and second deviatoric strain invariants of
C, respectively.

The experimental stress-strain data is used in the
estimation of the material constants. As shown in
Fig. 1, the coarse experimental data of the skin, mus-
cles, and fat can be found in Fung (1993) and Kvist-
edal and Nielsen (2004). Fig. 2 shows the approxi-
mate results of the different soft tissues using the least
square curve-fitting procedure. The actual values
employed in the hyper-elastic model associated with
the non-linear mechanical definition of the soft tis-
sues were estimated and presented in Table 1.
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Fig. 1 Strain-stress relationship of the soft tissues
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Fig. 2 Material properties evaluation results
(a) Fitted curve of the Mooney-Rivlin (M-R) material model for skin; (b) Fitted curve for muscles; (c) Fitted curve for fat

Table 1 Hyper-elastic material parameters of the soft
tissues for the Mooney-Rivlin model

Soft tissue D, Cyp (@ffmm?)  Coy (gfimm?)
Skin 0.49 18.9834 —15.4072
Muscle 0.30 9.8454 —7.7433
Fat 0.49 16.6131 -16.0127

D, determines compressibility; Cio and Co,; are constants to control
stiffness

2.2 Biomechanical modeling of the soft tissues

In conventional deformable models, all soft tis-
sues are represented by a unique geometric element
type, which could not exactly model the anatomic
structures of the soft tissues since the soft tissues have
complex geometric structures and mechanical prop-
erties. Hence, most of the existing models lack accu-
racy in simulating the deformation of the facial soft
tissues.

To improve the deformable model of the soft
tissues, we introduce the mixed element modeling to
simulate the facial soft tissues (Wang and Yang, 2010;
Wang et al., 2010). As shown in Fig. 3, the skin tissues
are discretized into prism elements and the internal
tissues (muscles and fat) into tetrahedron elements.

For the mixed element modeling, the principal
task is to discretize the skins and the internal soft
tissues using the prism elements and the tetrahedron
elements, respectively. During this process, the skin
and skull surfaces first are reconstructed from com-
puted tomography (CT) datasets using the marching
cubes algorithm and are optimized with some mesh
algorithms (Keeve et al., 1997; Paiva et al., 2006).
Then, the external surfaces of the internal tissues are
obtained by moving the vertices of the skin surface
along the vertex normal by an amount of {'in negative

A A
Tetrahedron elements

for the internal tissues
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Fig. 3 Geometric structures of the mixed elements

direction ({ is the assumed thickness of the skin). In
general, {averages 1.5 mm. Thus, a geometric model
based on the mixed elements is built.

As shown in Fig. 3, the skin tissues are discre-
tized into a number of prism elements, and the inter-
nal tissues are discretized into a number of tetrahe-
dron elements.

In biomechanical modeling, another task is to
design reasonable shape functions which affect the
model accuracy and the computational efficiency.
Generally speaking, applying high-order shape func-
tions can enhance the accuracy, but it increases the
computational burden. Therefore, the C*-continuous
shape functions are used at the facial surface and the
C’continuous shape functions in the interior ele-
ments so as to balance the accuracy and the efficiency,
which meets both the need for rendering smooth
surface and the demand to conform to the underlying
physics. That is to say, the prism elements are repre-
sented by the C'-continuous shape functions and the
tetrahedron elements are based on the C°’-continuous
shape functions. However, the prism elements and the
tetrahedron elements cannot be connected because of
the discontinuousness of the number of degrees of
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freedom between them. Therefore, the special transi-
tion shape functions are used to solve the discontinu-
ity of the degrees of freedom between them using the
special transition shape functions.

Both the tetrahedron elements and the prism
elements are represented by linear shape functions,
which reduce largely the total number of degrees of
freedom of the system; thus, the linear shape func-
tions of the tetrahedron elements are defined as

N,(L)=L, 1=1,23,4, (3)
where L; are the volume barycentric coordinates of
the tetrahedral element.

Likewise, the linear shape functions of the prism
elements are written as

NG(I’,S,t,Q) :[r(l—Q),S(l—Q),t(l—Q), rq,Sq,tQ], (4)

where r, s, and t are the barycentric coordinate pa-
rameters of the triangle surface, and q is the volu-
metric extension with gq=0 at the top surface and g=1
at the bottom surface of the prism element.

In order to render the smooth surface of the skins,
the C'-continuous shape functions of the prism ele-
ment are expected at the facial surface. Therefore, the
novel shape functions are developed by extending the
shape functions of the plate-bending element. As
shown in Fig. 4, a plate-bending element is defined as

N" = N°+[Jyg, Ju, J1(Y = 2), ©)

where jos, ja1, and ji are the correcting functions, N°
are the basic Hermite interpolation functions of a
triangular element, Y is the average of the corre-
sponding cross-boundary derivatives at the endpoints
of each edge, and Z is the cross-boundary derivatives
at the edge midpoints (refer to Wang et al. (2010) for
details).
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Fig. 4 A plate-bending element with three nodes

Hence, by Egs. (4) and (5), the shape functions
of the prism element can be extended as

N“(r,s,t,q):[Ng*(l—q),rq,sq,tq]. (6)

Thus, the special transition shape functions fea-
turing C'-continuity at the facial surface and
C°-continuity at the internal elements are constructed

(Fig. 5).

Fig. 5 Prism elements with the C'-continuous surface at
the top and C°-continuity at the bottom plane

The interpolation functions of the mixed ele-
ments are defined as

w0 =Y N, ")

where X is a given point of the current geometric
configuration, u; is the ith node’s displacement, N;
(i=1, 2, ..., n) are the shape functions, and n is the
number of nodal points.

2.3 Simulation of soft tissue deformation

The simulation of the soft tissue deformation
involves three tasks. The first task is to build a bio-
mechanical model of the soft tissues based on the
mixed-element modeling and hyper-elastic material
relationship as described in Sections 2.1 and 2.2. The
second task is to define the boundary conditions of the
biomechanical model, and the final task is to solve the
biomechanical mode.

In the second task, in order to solve for the bone
displacements that would affect the desired facial
appearance, the following boundary conditions are
defined: the interface between the soft tissues con-
tacting the cut bone surfaces is defined as Ij; the
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remaining inner surface tissue nodes adjoining bone
form the fixed boundary I; the displacements cor-
responding to the differences in nodal position be-
tween pre-specified and original facial meshes are
used to specify the virtual external boundary I.. The
various surfaces over which different boundary con-
ditions are specified can be seen in Fig. 6.

Deformed ;
facial surface ¥

Initial facial "<

surface R, Soft tissue

Fig. 6 Boundary value problem arising from the pro-
posed craniofacial surgical planning approach

The traction force of the nodes of the facial
surface is
piO B pil

f.=K, (" Pio — Pul - L?)m (8)
i0 il

where K, is a penalty constant, L is the rest length,
and p, and p, represent the 3D coordinates of
vertex i on the original and pre-specified meshes,
respectively.
The virtual external force is therefore computed
as follows:
Fo=] . f.Nda )

c) ‘e

3 Results

All algorithms in this paper were performed on a
workstation with a Dual-Core AMD Opteron CPU 3.0
GHz, with 4 GB of RAM, and an NVIDIA Quadro FX
5500 GPU.

A typical case of the plastic surgery was used to
explain the simulation procedure of the surgical
planning in Section 3.1. In addition, we analyze the
errors from a different perspective in Section 3.2.

3.1 System implementation

For a mid-face plastic surgery, the objective is to
correct the craniofacial dysostosis using the mid-face
distraction osteotogenesis. The implementation con-
sists of the following steps:

1. 3D mesh construction. The CT data of the
patients can be first semi-automatically segmented
using the ITK-SNAP tool (ITK-SNAP, 2009), and
then the 3D surface mesh modes of the facial soft
tissues and the bones are generated by applying the
marching cubes algorithm. Finally, a mixed volumet-
ric mesh model containing all the facial tissues is built
as described in Section 2.2. The time for the mesh
generation is more or less 3 min.

2. Pre-specification of the target facial profile.
After reconstruction of the skull and the pre-operative
facial surface, the surgeon can inspect these models in
a 3D environment and imagine the patient’s post-
operative facial appearance. Based on the inspection
of these models and the planning data, the skin-layer
of the original 3D mesh on the mid-face is warped
into its desired shape using a 3D sculpturing tool, as
available, for example, with Maya 7.0 (Fig. 7).

(b)

Fig. 7 Pre-operative (a) and desired post-operative (b)
faces

3. Osteotomies. After specifying a target face
configuration, the next step is to define the cut regions
of the bones. The bone cuts (osteotomies) must be
done by a craniofacial surgeon since the osteotomies
relate to the anatomy of the face and the validity of the
soft tissue deformation. Therefore, the required cut
surfaces are interactively generated by a surgeon
following the anatomic structures and the target face
configuration (Fig. 8a).

4. Boundary condition computation. After the
definition of the cut regions, boundary conditions are
computed. Virtual external forces for the finite ele-
ment model are derived with respect to the measured
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differences in node coordinates between the original
and pre-specified facial meshes. The displacements of
the skin-layer nodes are shown in Fig. 8b.

(b)
Fig. 8 Definition of osteotomies (a) and displacements
of the skin-layer nodes (b)

5. Simulation. The geometrical model and the
boundary conditions serve as input to our simulator.
The mixed-element biomechanical model described
in Section 2 is used to model the facial soft tissue
behavior and to estimate the new position of the inner
soft tissue surface. The average simulation time is
more or less 20 min.

6. Registration. To quantify the displacements of
the bones, the original and deformable inner surfaces
of the soft tissues within the cut regions are first rig-
idly registered (potentially using manual landmarks),
and then the distance between the surfaces is deter-
mined (Fig. 9). Table 2 reports the displacements of
the cut bones in the experiments where the desired
post-operative faces were specified as in Fig. 7b.

Table 2 The repositioning of the cut bones

Region Re_f erence Displacements  Direction
axis/point
Mid-face  Coronal 11 mm Forward
Mid-face  Axial 5mm Downwards
Mid-face  Coronal/center 2.5° Clockwise
Mid-face  Sagittal 2 mm Right
Mid-face  Sagittal/center 5° Clockwise

3.2 Performance evaluation
3.2.1 Experiment 1

Comparing the predicted data with the actual
post-operative data is an effective way to measure the
errors of the soft tissue model. First, we acquired the
pre- and post-operative CT datasets of a patient
(mid-face craniofacial dysostosis) who underwent
mid-face distraction osteotogenesis using Le Fort Il
osteotomy. Then, a mixed volumetric mesh model
containing all the facial tissues was generated as de-
scribed in Section 2.2, having 10873 prism elements
for the skins and 110475 tetrahedron elements for the
internal soft tissues. Subsequently, the actual post-
operative CT data was rigidly registered to the
pre-operative CT data using the maximization of
mutual information on an unaltered subvolume (Maes
et al., 1997). According to the registered results, the
surface representation of the skin and skull was gen-
erated, and the cut regions of the bones were deter-
mined. Therefore the displacements of the different
bone parts were calculated by mapping the surface
representation to the mixed volumetric mesh of the
soft tissue model, and thus the boundary conditions of
the soft tissue model can be defined.

To prove the superiority of the mixed element
model, some conventional methods consisting of a
linear finite element model (LFEM) (Koch et al.,
1996), a mass tensor model (MTM) (Cotin et al.,
2000), and a non-linear finite element model (NFEM)
were introduced to simulate the deformation of the
soft tissues. During the simulation, all of these tradi-
tional models were based on the uniform tetrahedral
elements and the C°-continuous shape functions. We
measured separately the distance errors between the
predicted face and the actual post-operative face.

Fig. 10 shows the distance errors between the
corresponding nodes of the predicted and the actual

Fig. 9 The cut surface with four manual landmarks (a), the registration of the original and deformable cut surfaces of
the soft tissues (b), and the distance map between the two surfaces (c)
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facial surfaces. The distance errors were visualized by
color coding. The statistical results of the average, the
variance, and the maximum distance errors are re-
ported in Table 3, showing that the mixed-element
model obtained the most accurate result. The variance
of the distance errors was the least in all methods,
which means the mixed element model is the most
stable. In addition, the average error was less than
1.0 mm and the maximum error stayed below 2.0 mm.

3mm

Fig. 10 Post-operative outline of the patient predicted by
four different deformable models

Distance errors between corresponding points of the pre-
dicted and actual facial appearances are visualized by color
coding. (a) Linear finite element model (LFEM); (b) Mass
tensor model (MTM); (c) Non-linear finite element model
(NFEM); (d) The proposed mixed element model (NFM-EM)

Table 3 The statistical results for four different compu-
tational models

Distance error (mm)

Method - -
Average Variance Maximum
LFEM 1.34 1.42 3.52
MTM 1.25 1.28 3.53
NFEM 1.17 1.25 2.43
NFM-EM 0.93 0.79 1.93

3.2.2 Experiment 2

Sub-experiment 1 (S1): The predicted facial
surface in Experiment 1 is defined as the pre-specified
target face. The soft tissue model has identical de-
formable regions to above. We compared the pre-
dicted results with the actual applied movements of
the bones. Fig. 11a shows the distance map between
the actual bone movements and the predicted results.

Sub-experiment 2 (S2): From the co-registered
post-operative data in Experiment 1, a surface repre-
sentation of the skin was generated, and it was defined
as the pre-specified target face. In addition, the de-
formable regions of the soft tissue model were de-
termined in terms of the cut surfaces of the
pre-operative skull. Thus, the experiment can be im-

plemented as described in Section 3.1. The predicted
results were compared with the actual applied
movements of the bones. The distance map between
the actual bone movements and the predicted results
was visualized by color coding (Fig. 11b).

Fig. 11 Distance map between the actual bone movements
and the predicted results visualized by color coding

(@) The predicted facial surface in Experiment 1 is defined as
the pre-specified target face; (b) The surface representation of
the skin of the post-operative data is defined as the pre-
specified target face

Table 4 summarizes the outcome of the statistical
analysis for the two sub-experiments S1 and S2,
showing the average, the variance, and the maximum
errors of the distance map between the predicted re-
sults and the actual applied movements. S1 and S2
nearly had the same errors (Table 4). These results
show that the biomechanical model introduced minor
errors in this simulation.

Table 4 The statistical results at various experiments
using the mixed-element biomechanical model

. Distance error (mm)
Sub-experiment

Average Variance Maximum
1 1.87 293 3.57
2 1.58 2.56 3.21

3.2.3 Experiment 3

To investigate more factors that affect the pre-
dicted results, the following quantitative protocol is
defined to evaluate the experimental results:

1. After registration of the original and deform-
able inner surfaces of the soft tissues, the displace-
ments of the cut bones are measured.

2. These results are used to define the boundary
conditions for predicting the post-operative face,
through application of the same biomechanical model
used in Section 2 (details of the method for predicting
the soft tissue deformation can be found in Molle-
mans et al. (2007)).



Wang et al. / J Zhejiang Univ-Sci C (Comput & Electron) 2010 11(7):504-513 511

3. The performance quality is given by the dis-
tance map between the pre-specified and predicted
facial outlines (which is simple to compute as they
derive from the same mesh). The distance map can be
visualized or statistically analyzed (Fig. 12). At the
left of Fig. 12, three different target faces were
pre-specified and the same cut regions were defined.
In Figs. 12a and 12b, the pre-specified target faces
were warped only within the cut regions. In Fig. 12c,
the chin was also warped. The distance map was
visualized by color coding over the facial surfaces. A
negative error value means that the predicted skin
surface lies behind the pre-specified skin surface.

Fig. 12 Different simulation results for three different
target faces at the same cut regions

In (a) and (b), the pre-specified target faces are warped only
within the cut regions; in (c), the chin is also warped. The
distance map between the pre-specified facial surfaces and
the predicted faces based on the deformation of the soft tis-
sues is visualized using color coding. A negative error value
means that the predicted skin surface lies behind the
pre-specified skin surface

In Figs. 12a and 12b, the average error within the
cut regions was below 0.75 mm, with 90% of the
nodal differences below 1.5 mm, showing that the
accuracy of the simulation highly depends on the
definition of the cut regions of the bones (osteoto-
mies).

4 Discussion

In this paper, a novel approach was proposed to
help surgeons automatically compute an optimal sur-

gical plan by directly specifying the desired correc-
tion to a facial outline. This approach is effectively
the inverse problem in predicting soft tissue defor-
mation. The first step is to specify a desired outline
using a 3D sculpturing tool. Then the displacements
corresponding to the differences of node coordinates
between the original and specified face meshes were
used to drive the deformation of the facial soft tissues.
After registering the deformable contact surfaces and
the cut bone surfaces, the final positions of the cut
bones are estimated.

The investigation shows that the errors derive
from two aspects: the soft tissue simulation and the
definition of the bone cuts (osteotomies). An accurate
biomechanical model is the prerequisite to the im-
plementation of this method. Therefore, in this work,
non-linear finite mixed-element modeling was em-
ployed to simulate the deformation of the soft tissues.
In this way, the different biomechanical characteris-
tics of the skin and internal tissues were effectively
incorporated into the soft tissue model of the face,
enabling the potential for significantly higher accu-
racy in soft tissue simulation.

To further validate the accuracy of the algorithm,
Experiment 1 was used to measure and evaluate the
errors of the predicted results. The experimental re-
sults show that this method, as a mathematical algo-
rithm, can provide enough accuracy to simulate the
deformation of the soft tissues.

In addition, the predicted facial surface in Ex-
periment 1 was defined as the pre-specified target
face, and the movement of the bone fragments was
estimated. Then in Experiment 2, we compared the
predicted results with the actual applied movements,
and quantitatively evaluated the errors. The average
error was 1.87 mm and the variance error was
2.93 mm.

Experiment 3 shows that the performance highly
depends on the consistency of the pre-specified facial
profile and the cut regions. Therefore, pre-specifying
a target face and defining the cut regions must be
completed with the help of a surgeon.

In conclusion, the results show that the errors
generated range from 0 to 3 mm. Furthermore, the
real accuracy of this system is determined by the
accuracy in Experiment 1 and Experiment 3, and the
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errors will be 3 mm. However, since a planning ac-
curacy of 0.5 mm is required, the advances in the
accuracy of the system have to be done before this
method can be successfully introduced in clinical
practice.

The quantitative results also indicate that large
deviations exist outside of the cut regions, with cer-
tain portions of the face (the lips and the nose) having
consistently large differences due to the complicated
boundary conditions in these regions.

Furthermore, the cranio-maxillofacial surgery
involves some functional organs (e.g., the brain).
Many problems need to be solved before applying it
in the clinic practice. Therefore, surgeons still have to
rely on their experiences to make a real plan. Of
course, we will consider automated ways for defining
the cut regions based on facial anatomy and desired
post-operative facial appearances in the future work,
to further improve the effectiveness of the prediction.

5 Conclusions

This work presents a novel method for automatic
planning of bone-related procedures in craniofacial
surgery. The approach estimates an optimal skull-
remodeling scheme based on a pre-specified facial
outline. Furthermore, an improved biomechanical
model is proposed for soft tissue deformation, which
better addresses the heterogeneity in geometry and
material properties found in soft tissues of the face. In
the quantitative evaluation and the comparison, the
average errors and the variance are the least in all
methods, which means the NFM-EM is the most
stable model. In addition, we have demonstrated and
validated this method in various experiments, and the
results are highly promising with respect to clinical
standards. Most importantly, the proposed paradigm
is a fundamentally more natural and efficient way to
optimize surgical planning.

Future work will expand on the evaluation
studies, including the use of qualitative protocols
(Westermark et al., 2005; Mollemans et al., 2007),
and consider automated ways for defining the cut
regions based on facial anatomy and desired
post-operative facial appearances.
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