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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., 

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 

 Journal of Zhejiang University-SCIENCE C (Computers & Electronics) 
ISSN 1869-1951 (Print); ISSN 1869-196X (Online) 
www.zju.edu.cn/jzus; www.springerlink.com 
E-mail: jzus@zju.edu.cn 

 
 
* Project supported by the Academic Discipline Project (No. S30602) 
and the Shanghai Science Foundation of China (No. 08ZR1409300) 
© Zhejiang University and Springer-Verlag Berlin Heidelberg 2010 



Wang et al. / J Zhejiang Univ-Sci C (Comput & Electron)   2010 11(7):504-513 505

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                            (1) 
 

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: 

 
1 2 10 1 01 2( , ) ( 3) ( 3),W I I C I C I= − + −          (2) 

 
where C10 and C01 are material constants, and I1 and I2 
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. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Strain-stress relationship of the soft tissues
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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 ζ in negative 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
direction (ζ is the assumed thickness of the skin). In 
general, ζ 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 C1-continuous 
shape functions are used at the facial surface and the 
C0-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 C1-continuous shape functions and the 
tetrahedron elements are based on the C0-continuous 
shape functions. However, the prism elements and the 
tetrahedron elements cannot be connected because of 
the discontinuousness of the number of degrees of 

Table 1  Hyper-elastic material parameters of the soft 
tissues for the Mooney-Rivlin model 
Soft tissue D1 C10 (gf/mm2) C01 (gf/mm2) 

Skin 0.49 18.9834 −15.4072 
Muscle 0.30 9.8454 −7.7433 
Fat 0.49 16.6131 −16.0127 

D1 determines compressibility; C10 and C01 are constants to control 
stiffness  

Fig. 3  Geometric structures of the mixed elements

Prism elements for the skins 

Tetrahedron elements 
for the internal tissues 

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
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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 

 

( ) ,  = 1,2,3,4,i iN L L i=                     (3) 
 
where Li are the volume barycentric coordinates of 
the tetrahedral element. 

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

6 ( , , , ) [ (1 ), (1 ), (1 ), , , ],r s t q r q s q t q rq sq tq= − − −N (4) 
 
where r, s, and t are the barycentric coordinate pa-
rameters of the triangle surface, and q is the volu-
metric extension with q=0 at the top surface and q=1 
at the bottom surface of the prism element. 

In order to render the smooth surface of the skins, 
the C1-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 
 

9* 9
23 31 12[ , , ]( ),= + −j j jN N Y Z             (5) 

 
where j23, j31, and j12 are the correcting functions, N9 
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). 
 
 
 
 
 
 
 
 

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

 
12 9*( , , , ) (1 ), , , .r s t q q rq sq tq⎡ ⎤= −⎣ ⎦N N        (6) 

 
Thus, the special transition shape functions fea-

turing C1-continuity at the facial surface and 
C0-continuity at the internal elements are constructed 
(Fig. 5). 
 
 
 
 
 
 
 
 
 
 
 
 

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

 

1

( ) ,
n

i i
i

u N
=

= ∑x u                         (7) 

 
where x is a given point of the current geometric 
configuration, ui is the ith node’s displacement, Ni 
(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 Γn; the 

Fig. 5  Prism elements with the C1-continuous surface at 
the top and C0-continuity at the bottom plane 

Fig. 4  A plate-bending element with three nodes
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remaining inner surface tissue nodes adjoining bone 
form the fixed boundary Γc; 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 Γe. The 
various surfaces over which different boundary con-
ditions are specified can be seen in Fig. 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 

The traction force of the nodes of the facial 
surface is 

 

( )0 0 1
e e 0 1

0 1

,
−

= − −
−

i i
i i i

i i

K L
p p

f p p
p p

          (8) 

 

where Ke is a penalty constant, 0
iL  is the rest length, 

and 0ip  and 1ip  represent the 3D coordinates of 
vertex i on the original and pre-specified meshes, 
respectively. 

The virtual external force is therefore computed 
as follows: 
 

cont

( ) e d .
∂

= ∫ ca av
N aF f                      (9) 

 
 
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). 
 

 
 
 
 
 
 
 
 

 
 
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 

(a) 

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

(b) 

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

 
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. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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 III 
osteotomy. Then, a mixed volumetric mesh model 
containing all the facial tissues was generated as de-
scribed in Section 2.2, having 10 873 prism elements 
for the skins and 110 475 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 C0-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  

 
 
 
 
 
 
 
 
 

(a) (b) 

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

Table 2  The repositioning of the cut bones 

Region Reference 
axis/point Displacements Direction 

Mid-face Coronal 11 mm Forward 
Mid-face Axial 5 mm Downwards
Mid-face Coronal/center 2.5° Clockwise
Mid-face Sagittal 2 mm Right 
Mid-face Sagittal/center 5° Clockwise

 

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. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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). 
 
 
 
 
 
 
 
 
 
 
 
 

 
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. 
 
 
 
 
 
 
 

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)). 

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

Distance error (mm) 
Sub-experiment Average Variance  Maximum

1 1.87 2.93 3.57 
2 1.58 2.56 3.21 

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

 
 
 
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 

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 

(a) (b) 

(c) 
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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. 

Acknowledgements 
 

The authors would like to thank the anonymous 
reviewers for their comments and suggestions, which 
help improve the quality of this work greatly, and Prof. 
Xiong-zheng MU and Dr. Zhe-yuan YU with the 
Shanghai 9th People’s Hospital for their assistance in 
acquiring patients dataset and validating the results. 
 
References 
Chabanas, M., Payan, Y., Marecaux, C., Swider, P., Boutault, F., 

2004. Comparison of linear and non-linear soft tissue 
models with post-operative CT scan in maxillofacial 
surgery. LNCS, 3078:19-27.  [doi:10.1007/978-3-540- 
25968-8_3] 

Cotin, S., Delingette, H., Ayache, N., 2000. A hybrid elastic 
model allowing real-time cutting, deformations and 
force-feedback for surgery training and simulation. The 
Vis. Comput., 16(8):437-452.  [doi:10.1007/PL00007215] 

Everett, P., Seldin, E.B., Troulis, M., Kaban, L.B., Kikinis, R., 
2000. A 3D System for Planning and Simulating Mini-
mally-Invasive Distraction Osteogenesis of the Facial 
Skeleton. LNCS, 1935:1029-1039. 

Fung, Y., 1993. Biomechanics: Mechanical Properties of Liv-
ing Tissue. Springer, New York. 

Gladilin, E., Zachow, S., Deuflhard, P., Hege, H.C., 2001. A 
Biomechanical Model for Soft Tissue Simulation in Cra-
niofacial Surgery. Proc. Int. Workshop on Medical Im-
aging and Augmented Reality, p.137-141. 

ITK-SNAP, 2009. Penn Image Computing and Science Labo-
ratory (PICSL). University of Pennsylvania. Available 
from http://www.itksnap.org/ [Accessed on Nov. 18, 
2009]. 

Keeve, E., Girod, S., Pfeifle, P., Girod, B., 1996. Anatomy- 
Based Facial Tissue Modeling Using the Finite Element 
Method. Proc. 7th Conf. on Visualization, p.21-28. 

Keeve, E., Schaller, S., Girod, S., Girod, B., 1997. Adaptive 
surface data compression. Signal Process., 59(2):211-220.  
[doi:10.1016/S0165-1684(97)00047-9] 

Koch, R.M., Gross, M.H., Carls, F.R., von Buren, D.F., Fank-
hauser, G., Parish, Y.I.H., 1996. Simulating Facial Surgery 
Using Finite Element Models. Proc. 23rd Annual Conf. 
on Computer Graphics and Interactive Techniques, 
p.421-428.  [doi:10.1145/237170.237281] 

Kvistedal, Y.A., Nielsen, P.M., 2004. Investigating Stress- 
Strain Properties of In-Vivo Human Skin Using Multi-
axial Loading Experiments and Finite Element Modeling. 
Proc. 26th IEEE EMBS, p.5096-5099. 

Lee, Y., Terzopoulos, D., Walters, K., 1995. Realistic Model-
ing for Facial Animation. Computer Graphics Proc., 
Annual Conf. Series, p.55-62. 

Maes, F., Collignon, A., Vandermeulen, D., Marchal, G., 
Suetens, P., 1997. Multimodality image registration by 



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

maximization of mutual information. IEEE Trans. Med. 
Imag., 16(2):187-198.  [doi:10.1109/42.563664] 

Mollemans, W., Schutyser, F., Nadjmi, N., Maes, F., Suetens, P., 
2007. Predicting soft tissue deformations for a maxillo- 
facial surgery planning system: from computational 
strategies to a complete clinical validation. Med. Image 
Anal., 11(3):282-301.  [doi:10.1016/j.media.2007.02.003] 

Natali, A., Carniel, E., Pavan, P., Dario, P., Izzo, I., 2006. 
Hyperelastic Models for the Analysis of Soft Tissue 
Mechanics: Definition of Constitutive Parameters. First 
IEEE/RAS-EMBS Int. Conf. on Biomedical Robotics and 
Biomechatronics, p.188-191.  [doi:10.1109/BIOROB.2006. 
1639082] 

Paiva, A., Lopes, H., Lewiner, T., 2006. Robust Adaptive 
Meshes for Implicit Surfaces. IEEE Proc. 19th Brazilian 
Symp. on Computer Graphics and Image Processing, 
p.205-212.  [doi:10.1109/SIBGRAPI.2006.40] 

Picinbono, G., Delingette, H., Ayache, N., 2001. Non-linear 
and Anisotropic Elastic Soft Tissue Models for Medical 
Simulation. IEEE Int. Conf. on Robotics and Automation, 
p.1370-1375. 

Picinbono, G., Delingette, H., Ayache, N., 2003. Non-linear 
anisotropic elasticity for real-time surgery simulation. 
Graph. Models, 65(5):305-321.  [doi:10.1016/S1524-0703 
(03)00045-6] 

Schutyser, F., van Cleynenbreugel, J., Ferrant, M., Schoenaers, 
J., Suetens, P., 2000. Image-based 3D planning of max-
illofacial distraction procedures including soft tissue im-
plications. LNCS, 1935:999-1007.  [doi:10.1007/978-3- 
540-40899-4_104] 

Sokhanvar, S., Dargahi, J., Packirisamy, M., 2008. Hyperelastic 
modeling and parametric study of soft tissue embedded 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

lump for MIS applications. Int. J. Med. Rob. Comput. 
Assist. Surg., 4(3):232-241.  [doi:10.1002/rcs.202] 

Wang, S., Yang, J., 2009. An improved finite element model 
for craniofacial surgery simulation. Int. J. Comput. Assist. 
Radiol. Surg., 4(6):579-587.  [doi:10.1007/s11548-009- 
0373-3] 

Wang, S., Yang, J., 2010. Simulating cranio-maxillofacial 
surgery based on mixed-element biomechanical modeling. 
Comput. Methods Biomech. Biomed. Eng., online.  [doi:10. 
1080/10255840903317386] 

Wang, S., Yang, J., Gee, J.C., 2010. Advances in collision 
detection and non-linear finite mixed element modelling 
for improved soft tissue simulation in craniomaxillofacial 
surgical planning. Int. J. Med. Rob. Comput. Assist. Surg., 
6(1):28-41. 

Westermark, A., Zachow, S., Eppley, B., 2005. Three- 
dimensional osteotomy planning in maxillofacial surgery 
including soft tissue prediction. J. Craniofac. Surg., 16(1): 
100-104.  [doi:10.1097/00001665-200501000-00019] 

Zachow, S., Gladiline, E., Hege, H.C., Deuflhard, P., 2000. 
Finite Element Simulation of Soft Tissue Deformation. 
Proc. 14th Int. Symp. on Computer Assisted Radiology 
and Surgery, p.23-28. 

Zachow, S., Hierl, T., Erdmann, B., 2004. A Quantitative 
Evaluation of 3D Soft Tissue Prediction in Maxillofacial 
Surgery Planning. Proc. 3rd Jahrestagung der Deautschen 
Gesellschaft fur Computer- und Robotor-Assistierte 
Chirurgie, p.75-79. 

Zachow, S., Hege, H.C., Deuflhard, P., 2006. Computer-  
assisted planning in cranio-maxillofacial surgery. J. 
Comput. Inform. Technol., 14(1):53-64.  [doi:10.2498/cit. 
2006.01.06] 

 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /OK
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Helvetica
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


