Soft-Tissue Simulation
for Cranio-Maxillofacial Surgery:
Clinical Needs and Technical Aspects
Hyungmin Kim, Philipp Jürgens and Mauricio Reyes

Abstract Computerized soft-tissue simulation can provide unprecedented means
for predicting facial outlook pre-operatively. Surgeons can virtually perform
several surgical plans to have the best surgical results for their patients while
considering corresponding soft-tissue outcome. It could be used as an interactive
communication tool with their patients as well. There has been comprehensive
amount of works for simulating soft-tissue for cranio-maxillofacial surgery.
Although some of them have been realized as commercial products, none of them
has been fully integrated into clinical practice due to the lack of accuracy and
excessive amount of processing time. In this chapter, state-of-the-art and general
workflow in facial soft-tissue simulation will be presented, along with an example
of patient-specific facial soft-tissue simulation method.

1 Introduction
1.1 Facial Aesthetics
The human face is the most complex anatomical, physiological and functional
region of the body. The senses of vision, hearing, smell and taste are concentrated
in the facial region. And the skin of the face has the highest number of sensibility
receptors. The oral cavity serves for ingestion and creation of speech and the upper
airway allows respiration. Twenty-eight mimic muscles help to express emotions
and thoughts. The face is the most important part of the body that helps us to
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Fig. 1 Golden rectangle
(Source: Wikipedia)

identify other people and recognize in unknown person’s gender, approximate age
and even constitution. While a disfigured face impresses and causes certain
reactions on a beautiful face fascinates and attracts them.
In general beauty is associated with other positive characteristics: we think that a
beautiful person is more likable, communicative, successful and popular than others.
But how can we define beauty? David Hume’s statement ‘‘Beauty exists merely in
the mind which contemplates them’’ [18] is a contradiction to the attempt of defining
objective standards for beauty. But if an intercultural comparison is applied, there is
a high accordance about the perception of an aesthetic facial appearance among
ethnical groups and different age classes [9, 30]. Even little children are more
attracted to attractive adults, than to not-attractive individuals [29].
Over the past centuries various disciplines in science and arts have tried to
answer the question which criteria make a face attractive. The face of a human
being is considered to be attractive if it presents the following properties:
• Symmetry [18]
• Average [29]
• Individual characteristics [8]
An average face means a facial appearance close to the mean of the population.
If an unknown person presents an average face the person seems familiar to the
opponent, because it corresponds to the previously learned mean of the category
facial appearance [28]. The average face is subconsciously associated with a good
phenotype meaning that the stabilizing effect of natural selection of certain facial
appearances is recognized [53].
Comparable factors can be detected when analyzing symmetry: symmetric
facial proportions indicate healthy genes. It is even supposed that this is a characteristic for a higher resistance against parasites [53].
In contrary to symmetry and average, certain unique characteristics allow us to
recognize an individual face, which is essential for the perception of an individual
and the development of a personal identity [8].
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Fig. 2 Proportions of the human head: Leonardo da Vinci (left) (Source: Wikipedia), Albrecht
Dürer (right) [12]

Besides symmetry and average an extremely important factor are proportions.
The embodiment of harmonic and aesthetic proportions and even mathematical
beauty is the golden ratio mainly applied in architecture and arts.
pﬃﬃﬃ
aþb a
1þ 5
¼ u¼
¼ 1:6180339887. . .
ð1Þ
a
b
2
When analyzing facial proportions, we also find proportions close to the golden
ratio (Fig. 1): most famous are the proportion analysis of Albrecht Dürer and
Leonardo da Vinci as in Fig. 2.

1.2 Cranio-Maxillofacial Surgery
Cranio-maxillofacial (CMF) surgery is a surgical specialty that deals with the
treatment of inborn or acquired facial disfigurements. These conditions can be
such as cleft lip- and palate, craniofacial malformations, aftermath of facial
trauma or of ablative tumor surgery. Surgical interventions in the CMF area and
even their planning make high demands on the spatial sense of the surgeons.
This is on one the hand due to the close proximity of highly vulnerable anatomical structures and on the other hand due to the complex morphology of the
region. Modern image-guided techniques are the basis for diagnostics, therapy
and documentation. These technologies enable us to produce patient-specific
models of the clinical situation. They give us the possibility to perform accurate
planning and transfer the planning to the operation theatre. These technologies
have made their way into the clinical routine of highly advanced treatment
centers [6, 13, 20, 21, 22, 40]. One of the most evident indications for the use of
virtual planning tools in CMF Surgery is the planning of surgical intervention
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for patients suffering of malocclusion. Malocclusion can either be caused by a
malposition of teeth in the level of the alveolar crest or by an incorrect positioning of the upper and lower jaw relative to each other. For the former, an
orthodontic treatment will deliver satisfactory results. For the latter, only a
surgical procedure will provide a causal therapy. These interventions are called
orthognathic surgeries and their aim is to change the position of the maxillary
and mandibular bone, relative to each other and to the skull base [1, 10, 17].
As these interventions are highly elective, an accurate and extensive preoperative
planning has to be conducted. The technique for planning and performing the
simultaneous relocation of maxilla and mandible was first described in 1970 by
Obwegeser [43]. To update the planning procedure several systems for virtual
three-dimensional visualization and procedure planning based on volume datasets
have been recently introduced in some clinical centers, routinely substituting the
conventional two-dimensional cephalogram based planning-approach, and especially improving the prediction of soft tissue deformations [3, 42, 54, 57, 58]. In
order to ensure an optimal pre-operative skeletal planning of the patient with his
postoperative facial appearance, a highly reliable and accurate prediction system
is required [25, 26].
In order to realize the pre-operative surgical plan in the operation theatre, the
planning and prediction software should be linked to navigation system for the
intra-operative control of the relocation of the upper and lower jaw [6, 20, 22, 61].
As a consequence, a planning console for CMF surgery should contain the following modules to cover all the clinical requirements:
•
•
•
•
•
•

Import module of DICOM data
User-friendly segmentation and mesh modeling
Module for virtual osteotomy and relocation of bone segments
Three-dimensional cephalometry
Fast and accurate soft-tissue simulation
Connection to intra-operative navigation system

1.3 Soft-Tissue Simulation in CMF Surgery: State-of-the-Art
There have been already extensive amount of studies in order to overcome the
difficulty in soft-tissue modeling. Vannier et al. [56] originally introduced the idea
of predicting post-operative facial appearance for CMF surgery using computerassisted approach. Later, face modeling was intensively studied by the computer
graphics community, whose main interest was in simulating facial expressions in
real-time. Terzopoulos et al. [50] and Lee et al. [32] suggested multi-layered facial
tissue model consisting of mass-spring elements. On the other hand, Koch et al.
[27] suggested a non-linear finite-element approach using C1 -continuous surface
element and linear springs connected to bony structures. Keeve et al. [24]
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presented a Mass-Spring Model (MSM) with prismatic element, and compared the
result with Finite-Element Model (FEM) in terms of accuracy and computational
cost. Sarti et al. [48] proposed a voxel-based FEM approach based on a super
computer, which can be directly applied to voxel grid of the Computed Tomography (CT) data at the cost of large memory space. Zachow et al. [59] suggested a
fast tetrahedral volumetric FEM, which can be applicable to clinical practice.
Later, Gladilin et al. [16] extended this to functional simulation with facial muscles. Alternatively, Cotin et al. [7] proposed a hybrid method using Mass-Tensor
Model (MTM) for enhanced local deformations in simulation of surgical sites.
Later, MTM was extended to non-linear, anisotropic elasticity by Picinbono et al.
[46]. Chabanas et al. [5] proposed a mesh morphing algorithm to minimize the
laborious efforts on preparing finite-element mesh. Mollemans et al. [39]
first applied MTM to CMF soft-tissue simulation, and the method was qualitatively
and quantitatively evaluated on ten clinical cases. Some of the previously
developed methods have been realized as commercial products, e.g. SurgiCase
CMF (Materialise, Leuven, Belgium), Maxilim (Medicim NV, Mechelen,
Belgium), Dolphin 3D Surgery (Dolphin Imaging & Management Systems,
Chatsworth, CA), 3dMDvultus (3dMD, Atlanta, Ga), In Vivo (Anatomage Inc,
San Jose, CA).
Even though considerable amount of research has been conducted for resolving
soft-tissue simulation, up to our knowledge none of it has been fully integrated into
the clinical workflow, due to insufficient accuracy or excessive processing time
required for simulation. The state-of-the-art simulation results around errorsensitive regions, such as nose and lips area, are still far from clinical reality, e.g.
nose tip stays in stationary position under the effect of considerable movements of
the underlying skeletal segments. This results in the need for patient-specific
simulation strategy, that considers individual facial muscular structures for softtissue simulation. At the same time, the excessive amount of processing time for
patient-specific modeling should be avoided, in order to render the developed
method useful for daily clinical practice. Accordingly, a simulation framework
enabling reduced modeling efforts, and enhanced computational performance is
anticipated. Fortunately, rapid development in computing hardware, e.g. multicore central processing unit (CPU) or graphics processing unit (GPU), makes this
situation favorable.

1.4 Computational Models for Soft-Tissue Simulation
The computational methods, developed for simulating soft-tissues behavior so far,
can be categorized into the following three types: MSM, FEM, and MTM. MSM is
known to be the most computationally efficient method due to its simplicity in
physics. However, the coarse approximation of true physics is not suitable for
surgical planning. On the other hand, the mathematical background of FEM is
based on continuum mechanics, and its utmost accuracy has been proved in other
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Fig. 3 Multi-layered massspring model (Source: Lee
et al. [32])

scientific applications. However, it usually requires considerable amount of time
for preparation of mesh and computation of soft-tissue deformations. This makes
FEM hard to be used in daily clinical applications without using specialized
hardware-specific implementation. MTM was developed as a golden mean
between MSM and FEM, which is known to be bio-mechanically relevant as FEM,
and computationally efficient as MSM. Those models have been actively used in
various applications with its unique features, although recent developments in
computation hardware has bridged the gap between these strategies.

1.4.1 Mass-Spring Model
In MSM, the object is discretized into mass points and inter-connections between
each of these mass points. As shown in Fig. 3, layer-based MSM has been widely
used for characterizing multiple soft-tissue layers, e.g. epidermis, dermis, SMAS
(Superficial Muscular Aponeurotic System), fascia and muscles.
The governing equation for MSM can be described by Eq. 2 and is known as
Hooke’s law, where the elastic forces f s is proportional to the changes in length of
the spring element DL between the actual and the rest status at the rate of spring
constant ks :
f s ¼ ks DL

ð2Þ
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Fig. 4 Tetrahedral massspring model: 3D coordinate
of point i and j (pi ; pj ), spring
constant of connecting spring
kj

Alternatively, tetrahedral-based MSM was proposed by Mollemans et al. [37],
where automatic mesh generation method can be used for constructing volumetric
meshes from surface meshes. The governing equation can be expressed by Eq. 3,
which correlates the total internal elastic force of point i (f int
i ) with the set of
vertices connected to the mass point i (Wi ), 3D coordinate of point i and j (pi ; pj ),
the length of the spring at rest L0j , and spring constant of connecting spring kj as
shown in Fig. 4.
 p p
X 
j
i
f int
ð3Þ
kj k pj  pi k L0j
i ¼
k
p

p
j
i k
8p 2W
j

i

According to Van Gelder et al. [15], the spring constant of spring can be
expressed by
P
E e2Kj Ve
kj ¼
ð4Þ
ðL0j Þ2
where Kj is the collection of all neighboring tetrahedra containing spring j, Ve is
the initial volume of the neighboring tetrahedra, and L0j is the initial length of the
spring.
Since there is little interest in the transient phase of the deformation for CMF
soft-tissue simulation, the direct computation approach proposed by Teschner
et al. [52] can be used, which enables the deformation to be computed in iterative
ways by setting the internal force in equilibrium state to be zero.

1.4.2 Finite-Element Model
Soft-tissue simulation can be regarded as the task of finding the displacement
vector field which maps all points in initial shape to deformed shape, where the
deformation caused by the displacements or forces on the boundary, described by
the deformation function UðxÞ as shown in Fig. 5.
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Fig. 5 Problem description
of soft-tissue simulation: the
deformation function UðxÞ;
displacement vector u; spatial
position vector x; domain for
boundary condition Xboundary

The displacement vector u is defined by
u ¼ UðxÞ  x

ð5Þ

The change of metric in the deformed body can be measured by the right
Cauchy-Green deformation tensor C; which are expressed by the deformation
gradient.
C ¼ rUT rU

ð6Þ

The amount of deformation can be expressed by the 3  3 Green-Lagrange
strain tensor EðxÞ; whose diagonal terms represent the length variation and offdiagonal terms state the shear effect along the three axes.

1
1
E ¼ ðC  IÞ ¼ rUT rU  I
2
2

ð7Þ

According to Eq. 5, rU ¼ I þ ru can be deduced, and Eq. 7 can be expressed
as
E¼

 1

1
ðI þ ruÞT ðI þ ruÞ  I ¼ ru þ ruT þ ruT ru
2
2

ð8Þ

Assuming small displacements, linearized Green-Lagrange strain tensor EL can
be used:
2
3
cxy
cxz
e
xx
2
2
 6c
1
c 7
EL ¼ ru þ ruT ¼ 4 2xy eyy 2yz 5
ð9Þ
2
cyz
cxz
e
zz
2
2
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Fig. 6 Deformation of
tetrahedral element

The constitutive equation for a linear isotropic material is given by Hooke’s law
[13]:
32 3
3 2
2
exx
k þ 2l
k
k
0 0 0
rxx
76 eyy 7
6 ryy 7 6 k
k
þ
2l
k
0
0
0
76 7
7 6
6
6 rzz 7 6 k
6 7
k
k þ 2l 0 0 0 7
76 ezz 7 , r ¼ De
7¼6
6
ð10Þ
7
7
6 rxy 7 6 0
0
0
l 0 0 76
7 6
6
6 cxy 7
4 ryz 5 4 0
0
0
0 l 0 54 cyz 5
czx
0
0
0
0 0 l
rzx
where Lamé coefficients k and l are expressed in relationship with Young’s
modulus E and Poisson’s ratio m :
k¼

Em
ð1 þ mÞð1  2mÞ

ð11Þ

E
2ð1 þ mÞ

ð12Þ

l¼

FEM theory explains that the elastic deformation of the entire object can be
described by the elastic behavior of each element descritizing the object. Therefore, the displacement u inside the linear tetrahedral element shown in Fig. 6 can
be expressed as a linear combination of the displacements of the four vertices of
the tetrahedron:
u¼

3
X

Nek uek ¼ Ne ue

k¼0

where
Nke ¼

ak þ bk x þ c k y þ dk z
;
6V e

here V e is the volume of the tetrahedron, and ak ; bk ; ck ; dk are defined by

ð13Þ
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 xkþ1 ykþ1 zkþ1 




ak ¼  xkþ2 ykþ2 zkþ2 


 xkþ3 ykþ3 zkþ3 


 1 ykþ1 zkþ1 




bk ¼  1 ykþ2 zkþ2 


 1 ykþ3 zkþ3 


 xkþ1 1 zkþ1 




ck ¼  xkþ2 1 zkþ2 


 xkþ3 1 zkþ3 


 xkþ1 ykþ1 1 




dk ¼  xkþ2 ykþ2 1 


 xkþ3 ykþ3 1 
The strain e in Eq. 10 can be expressed as:
2 ou 3
2 3
ox
exx
6 ov 7
6 eyy 7 6 oy 7
6 7 6 ow 7
6 ezz 7 6 oz 7
e
e
7
7 6
e¼6
6 cxy 7 ¼ 6 ou þ ov 7 ¼ Bu ¼ ½ Bk Bkþ1 Bkþ2 Bkþ3 u
6 7 6 oy ox 7
4 cyz 5 6 ov þ ow 7
4 oz oy 5
czx
ou
ow
oz þ ox
where Bk is expressed by
2 oN

0

k

ox

6
6 0
6
Bk ¼ 6
6 0
6 oNk
4 oy

oNk
oy

0
oNk
ox

oNk
oz

0

3
2
bk
0
7
60
0 7
6
7
1 6
oNk 7
60
oz 7 ¼
e
6V 6
6 ck
0 7
5
40
oNk
dk
ox

0
ck
0
bk
dk
0

3
0
07
7
dk 7
7
07
7
ck 5
bk

ð14Þ

ð15Þ

ð16Þ

The principle of virtual work gives the relationship between the work done by
the internal stresses and external work performed by the elastic force in equilibrium state:
Z
eT e
du q ¼
deT rdV
ð17Þ
Ve

where qe is the elastic force vector, due is the virtual displacement vector.
Combined with Eq. 16, the following equation is deduced.
Z
Z
eT e
e T
eT
du q ¼
ðBdu Þ rdV ¼ du
BT rdV
ð18Þ
Ve

Ve
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Since Eq. 18 must be valid for any virtual displacement due ;
Z
e
q ¼
BT rdV ¼ Ke ue

ð19Þ

Ve

R
where Ke ¼ V e BT DBdV
The total elastic force Fk on vertex k can be obtained by summing the elastic
force contributions of neighboring tetrahedra containing vertex k:
X j
X
Fk ¼
qk ¼
Kj uj
ð20Þ
8j2Xk

8j2Xk

Combining Eq. 20 in matrix form for m vertices:
F ¼ Ku

ð21Þ

where elastic force vector F and displacement vector u have dimension of
ðm  3Þ  1; and K is called the global stiffness matrix.
For all joined vertices which we know the displacements, the boundary condition is given as,
uk ¼ u0k

ð22Þ

For all free vertices where displacements need to be updated,
Fk ¼ 0

ð23Þ

Since the global matrix K is very sparse whose element Kij is only non-zero if
model point i and j are vertices of a common tetrahedron, special algorithms can
be used for solving these linear matrix system to speed up the calculation.

1.4.3 Mass-Tensor Model
In MTM, the object is discretized with tetrahedral meshes as shown in Fig. 6.
Similar to the finite element theory, the displacement inside each tetrahedron
e can be expressed by a linear interpolation of the displacement of the four vertices uj
uðxÞ ¼ 

3
X
mj  ðx  pjþ1 Þ
j¼0

6V e

uj

ð24Þ

where V e is the initial volume of tetrahedron e, and mj is the area vector defined by


mj ¼ ð1Þjþ1 pjþ1  pjþ2 þ pjþ2  pjþ3 þ pjþ3  pjþ1
ð25Þ
The nodal force exerted at jth vertex of tetrahedron e is defined as the derivative
of the elastic energy:
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Table 1 Hyperelastic material models
St-Venant Kirchoff
Neo-Hookean
Fung isotropic
Fung anisotropic

w ¼ k2ðtrEÞ2 þ ltrE2
w ¼ l2trE þ f ðI3 Þ
w ¼ l2etrE þ f ðI3 Þ


w ¼ l2etrE þ kk12 ek2 ðI4 1Þ  1 þ f ðI3 Þ

Veronda–Westman
Mooney–Rivlin

w ¼ c1 ectrE þ c2 trE2 þ f ðI3 Þ
w ¼ c10 trE þ c01 trE2 þ f ðI3 Þ

f ej ¼ 

oW
op j

ð26Þ

where elastic energy required to deform a body can be expressed as a function of
the invariants (I1 ¼ trE; I2 ¼ trE2 ; I3 ¼ detE) of strain tensor E :
Z
W ¼ wðI1 ; I2 ; I3 ÞdX
ð27Þ
There are several hyperelastic material models are available as shown in
Table 1.
By using St-Venant Kirchoff elastic enery model in Table 1 and linearized
strain tensor in Eq. 9, the following equation can be deduced:
f ej ¼

3
X

Kejk uk

ð28Þ

k¼0

where the 3  3 stiffness tensors Kejk is expressed as
Kejk ¼


1 
kðmj  mk Þ þ lðmk  mj Þ þ lðmj  mk ÞI
e
36V

ð29Þ

Here the area vector is defined by Eq. 25, its tensor product is defined by
a  b ¼ abT ; and V e is the initial volume of tetrahedron e.
The total elastic force exerted on vertex j is the sum of the local force across all
tetrahedra containing vertex j:
fj ¼

X
8e2Xj

f ej ¼

3
XX

Kejk uk

ð30Þ

8e2Xj k¼0

where Xj is the collection of all tetrahedra connected to vertex j.
By rewriting Eq. 30 into vertex and edge components, one can obtain the
following final expressions for forces at each node j
X
f j ¼ Kjj uj þ
Kjk uk
ð31Þ
8k2Wj

Soft-Tissue Simulation for Cranio-Maxillofacial Surgery

425

P
P
where Kjj ¼ e2Xj Kejj ; Kjk ¼ e2Xj Kejk ; and Wj is the collection of all the
neighboring vertices connected to vertex j.
Since the stiffness tensors are only dependent on initial mesh configuration and
material properties, they can be pre-computed and applied to various boundary
conditions without re-computation.
By introducing direct computation [52], the solution can be obtained in iterative
manners.
0
1
X
@
A
utj ¼ K1
ð32Þ
Kjk ut1
jj
k
8k2Wj

2 Essential Procedures for Facial Soft-Tissue Simulation
Facial soft-tissue simulation consists of mainly five sub-tasks as shown in Fig. 7:
image acquisition, tissue modeling, boundary condition, and tissue property
assignment, actual simulation. The detailed description on each step will be presented in the following sub-sections.

2.1 Image Acquisition
CT scan is commonly used as a standard protocol for computer-assisted 3D
planning. Since Magnetic Resonance Imaging (MRI) scan is needed to extract subanatomical soft structures. However, it is still required to have laborious efforts to
segment anatomical structures from MRI scans. Additionally, 3D scan data can
provide up-to-date outer skin profile with texture in high-precision. During image
acquisition, it is highly recommended not to have any unnatural soft-tissue
deformation caused by external forces (e.g. fixation bandage), and to ensure an
appropriate imaging field-of-view (FOV) covering the whole frontal soft-tissue
region, as shown in Fig. 8.

2.2 Tissue Modeling
2.2.1 Segmentation of Hard and Soft-Tissue
Generally, extraction of bony structures can be automatized on CT scans by using
simple intensity-based thresholding. On the other hand, segmentation of soft-tissue
requires certain amount of manual adjustment. Image-based segmentation tools,
such as lasso or magic wand in imaging software, such as Amira (Mercury Computer
Systems, Germany), can be effectively used to accelerate manual segmentation
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Fig. 7 General steps to solve soft-tissue simulation problem

Fig. 8 Examples of undesirable scans: unnatural deformation caused by fixation bandage (left),
FOV does not cover the whole frontal soft-tissue region (right)

procedures. As for advanced segmentation method, level-set based segmentation has
been applied for segmentation of extra-cranial soft-tissue layer [36], and has proved
to be effective in defining weak boundaries between intra- and extra-cranial softtissue. Additional efforts might be needed if it is required to separate upper and lower
jaw around temporomandibular joint (TMJ). Furthermore, it is quite common to have
streak artifacts caused by metal filling on patient’s teeth, which makes segmentation
task difficult for both hard and soft-tissues, as shown in Fig. 9 [34].

2.2.2 Surface and Volumetric Meshing
Based on the segmentation result, surface mesh can be generated using conventional marching cube algorithm [33], followed by automatized tetrahedral
volumetric mesh generation will be followed. Due to strict limitation in converting
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Fig. 9 Segmentation of extra-cranial soft-tissue and bony structures (left), metal streak artifacts
are commonly present in clinical CT scans (right)

surface mesh to volumetric mesh, certain amount of iterative refinement in
segmentation result is commonly required.

2.3 Boundary Condition Assignment
Once both entire hard- and soft-tissue models are created, bony segments can be
prepared by the osteotomy planning software. Each movable part will define the
corresponding contact regions with soft-tissue model. Then, a relocation planning
module will define the planned movement of the parts, which will provide the
corresponding movement of the affected regions on the soft-tissue.
As shown in Fig. 10, volumetric nodes are classified into four types: fixed,
joined, sliding and free nodes. Fixed nodes are defined along the most posterior
plane of volumetric soft-tissue model, which can be assumed to be fixed during the
simulation. Joined nodes are defined on the interface between relocated bone
segments and soft-tissue, which are defined by the osteotomy and relocation plan.
Additionally, sliding nodes are defined on the interface around the teeth and
mucosa area.
Sliding nodes has been modeled by putting additional springs between soft- and
hard-tissue layers in MSM [51], and considering only tangential component of
local force in bone–tissue interface using MTM [25, 26].

2.4 Tissue Property Assignment
The characterization of soft-tissue properties can be performed in the following
ways, as shown in Fig. 11.
• In vitro rheology
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Fig. 10 Classification of volumetric nodes: fixed (pink), joined (orange), sliding (blue) and
free (white)

• In vivo rhelogy
• In silico rhelogy
• Elastometry
In vitro rheology can be performed in a laboratory using loading devices with
matured technique. However, it is not suitable for soft-tissue due to perfusion.
In vivo rheology can provide stress–strain relationships at several locations.
However, influence of boundary condition in real biological tissues is not well
understood. In silico rheology is suitable for surgery simulation, which is based on
computational approaches. The physical parameters can be deduced by the optimization process [38, 60]. Elastometry based on MRI or ultrasound imaging can
provide non-invasive ways to measure internal tissue properties. However, it is
only validated for linear elastic materials.

2.5 Simulation
The calculation of deformation has to be performed based on the computational
methods presented in Sect. 1.4. The computational models could be selected
depending on the limiting factors of the application, e.g. pre-processing difficulty,
computation time or level of required accuracy.
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Fig. 11 Various tissue characterization methods: (a) In vitro rheology [35] (b) In-vivo rheology
[41] (c) In silico rheology [23] (d) Elastometry [31]

2.6 Validation
In order to assess the simulation accuracy, normally retrospective validation
scheme is used, which compares the surface to surface distance between the
simulation result and actual post-operative result. Since there is no guarantee that
actual operation has been performed as it is planned, the actual displacement of
bone segments during the operation has to be reproduced by matching the
pre-operative and post-operative images. First, the post-operative data needs to
be aligned with pre-operative data by using volumetric image registration
method on the unaltered skull part, such as skull-base, as shown in Fig. 12 (left).
Then, the actual bone-related planning is reproduced by performing ICP-based
surface registration between pre- and post-operative bone segments, see Fig. 12
(right) [2].
For simplicity, the distance between simulation and post-operative result has
been measured based on closest matched points. However, this could result in
underestimation of true discrepancy between simulation result and actual outcome.
In order to produce a more reliable assessment, the surface-to-surface distance
should be measured between anatomically corresponding points. Several methods
based on Thin-Plate-Spine + Rapid Point Matching (TPS+RPM) [39], Spherical
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Fig. 12 Reproduction of bone-related planning for retrospective validation study: registration of
pre- and post-operative images (left), registration of pre-operative bone segments to postoperative yellow skull model (right)

Harmonic Point Distribution Model (SPHARM-PDM) [44], Thin-Plate-Spine +
Closest Point matching (TPS+CP) [25, 26] have been proposed so far.
In TPS+CP distance metric, one surface is transformed into the target surface
based on manually defined corresponding anatomical landmarks, followed by
anatomical corresponding points defined by a closest point matching on the
deformed shape, see Fig. 13. Finally, surface-to-surface distance is measured on
undeformed shape based on this revised anatomical corresponding points.
Therefore, this metric can be useful for measuring surface to surface distance on
deforming anatomical parts such as facial soft-tissues [25, 26].

3 Patient-Specific Facial Soft-Tissue Simulation
An example of patient-specific simulation pipeline is depicted in Fig. 14 [25, 26].
In addition to the general procedure depicted in Fig. 7, muscle modeling part is
introduced in order to incorporate patient-specific facial muscles. The detailed
description on patient-specific consideration on this study will be presented in the
following sub-sections.
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Fig. 13 TPS+CP based surface-to-surface distance measurement: (a) landmark-based implicit
TPS transform of original geometry, (b) closest point matching on transformed shape,
(c) anatomically adjusted correspondences

Fig. 14 The pipeline of the anatomically considered facial soft-tissue simulation method

3.1 Facial Muscle Modeling
It is almost impossible to identify individual muscles from clinical CT scan. Even
with MR scan, which is not included in a typical clinical workflow, segmentation
of individual muscles is still a challenging and time-consuming task. In order to
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Fig. 15 Morphing of template muscles to patient-specific anatomy (left), and extraction of
morphed muscle direction using oriented-bounding boxes (right)

minimize the efforts on facial muscles segmentation, construction of patient-specific facial muscles was considered through a template-to-patient deformation
process. Publicly available facial template model [49] was used. The morphing
procedure was driven by landmark-based thin-plate-spline (TPS) deformation [4]
based on 32 anatomical landmarks, which are commonly used for measuring skin
depth in forensic science [45].
In order to obtain the direction of muscles, oriented-bounding boxes (OBB)
were extracted for linear-type muscles. As shown in Fig. 15, the number of OBBs
for individual muscle can be adjusted according to the curvature of the muscle. For
example, the masseter muscle was represented by single OBB, while the other
muscles were represented by double OBBs. The longitudinal direction of each
bounding box was regarded as the direction of muscle for each segment.

3.2 Equivalent Tissue Property Assignment
Up to our knowledge, there was no consensus in the literature on mechanical
properties of facial soft-tissue. Different material parameters have been proposed
in previous works depending on the characterization method and material model.
Consequently, Young’s modulus of muscle tissue along and across fiber direction
were adopted from a previous study [11]. Previous works on estimating optimal
facial tissue properties by comparing their simulation models with real postoperative data [38, 60] were referred to as well. The parameters that we selected
for our simulation are shown in Table 2. Since there was no previous study found
on anisotropic Poisson ratio of muscle, isotropic Poisson ratio was adopted.
Since it is difficult to remesh volumetric facial tissue according to the intersection with muscle surfaces, the equivalent material property was calculated by
considering the volumetric proportion of muscle in each tetrahedron. The approach
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Table 2 Material properties used for simulation
Young’s modulus (MPa)

Poisson ratio

Fat
Muscle across fiber
Muscle along fiber

0.46
0.43
0.43

0.003
0.79
0.5

Fig. 16 Calculation of
intersecting portion of muscle
in each tetrahedron. Random
points (black dots) are
generated inside a tetrahedron
and geometrical tests,
described by the arrows,
allow definition of material
properties

Fig. 17 Definition of Lamé
coefficients along the
direction of muscle

proposed by Uesu et al. [55] was adopted, which employs point sampling in
tetrahedron. Then, geometrical test, based on directional comparison of surface
normal and closest distance vector, as shown in Fig. 16, was performed to calculate equivalent material properties.
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Fig. 18 Reproduced relocation planning of four clinical cases. On each case pre- and postoperative situation is displayed, with different colors representing the main structures of interest
for the surgical procedures
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Fig. 19 Boxplot of distance errors between simulations and post-operative result for four clinical
cases (P1, P2, P3, P4); Each graph represents the results with homogeneous (H), muscle template
(M), homogeneous + sliding contact (H+S), and muscle template + sliding contact (M+S)

3.3 Transversely-Isotropic Mass-Tensor Modeling
The extension to transversely isotropic MTM can be achieved by adding 3  3
anisotropic stiffness tensor term to isotropic stiffness tensor in Eq. 29 [47], where
the differences in Lamé coefficients along and across the muscle direction are
defined by Mk ¼ ka  k; Ml ¼ la  l(Fig. 17).
1
ðMkða  mk Þðmj  aÞ
144V e
 ðMk þ 2MlÞða  mj Þða  mk Þða  aÞ

Aejk ¼ Kejk þ

þ Mlða  mk Þða  mj Þ þ Mlða  mj Þðmk  aÞ
þ Mlðmj  mk Þða  aÞ þ Mlða  mj Þða  mk ÞIÞ

ð33Þ
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Table 3 Statistical results for four patient data
Average error
Standard deviation
P1

P2

P3

P4

H
M
H+S
M+S
H
M
H+S
M+S
H
M
H+S
M+S
H
M
H+S
M+S

2.50
2.21
2.07
1.21
3.25
2.68
2.11
2.14
2.03
1.80
1.75
1.58
3.23
3.10
2.43
2.56

1.21
1.23
1.24
0.92
1.27
1.07
1.06
0.98
2.41
2.36
0.71
1.90
0.83
0.99
0.84
0.74

90th Percentile

95th Percentile

4.10
3.39
3.68
2.15
5.13
4.00
3.42
3.42
3.01
2.61
2.61
2.58
4.25
4.27
3.46
3.39

4.40
4.16
4.39
2.90
5.85
4.65
4.06
4.04
3.38
2.87
2.78
2.84
4.48
4.51
3.67
3.62

The further extension to non-linear MTM can be achieved by introducing the
complete Green–St.Venant strain tensor in Eq. 8 into St.Venant–Kirchhoff model
[46].

3.4 Validation with Clinical Cases
In order to assess the accuracy of the proposed patient-specific simulation strategy,
the retrospective validation of four clinical cases was performed. The actual bonerelated plannings were reproduced by the procedures presented in Sect. 2.6, and
are shown in Fig. 18.
The simulation of homogeneous and transversely isotropic elasticity tissue
models was conducted, and accuracy in different tissue models was compared. In
addition, sliding contact was also considered as part of the simulation. For the
calculation of surface-to-surface distance, the TPS+CP distance measurement
scheme, presented in Sect. 2.6, was used.
As shown in Fig. 19 and Table 3, there was a statistically significant decrease in
mean surface-to-surface distance by incorporating transversely isotropy of muscles
and sliding contact. The statistical significance was confirmed by Wilcoxon test
(p \ 0:05). The qualitative improvements can be visualized by color-mapped
distance errors, as shown in Fig. 20. The negative value means that predicted skin
surface lies inside the post-operative skin surface.
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Fig. 20 Example of color-mapped distance map between simulations for patient three;
Colormap starts from red to blue in the range of [-5 mm, 5 mm]

4 Conclusions
There have been various computational methods developed for simulating facial
soft-tissue. Each computational model can be selected depending on its own
characteristics. In order to enhance simulation accuracy, patient-specific soft-tissue
simulation for CMF surgery has been developed and retrospectively validated with
post-operative CT data. As for minimizing efforts for building patient-specific
models, a subject-specific template-based morphing technique has been proposed.
The directional behavior of facial muscles has been modeled with computationally
efficient transversely-isotropic MTM. By introducing sliding boundary condition
on error-sensitive regions, the simulation accuracy has been improved in statistically significant amount.
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