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facial rejuvenation process differently; the former 

by synergistic augmentation and the latter by sub-

tractive effects. SMASectomy (when indicated) 

increases the augmentative effects of the grafted 

fat compartments because they appear fuller in 

comparison with the areas of excision and pull.

A limitation of our study is that we did not 

have a control side in which fat grafting was not 

performed. In addition, the variability of the fat 

graft survival and tissue pliability/elasticity further 

challenged our ability to precisely assess and com-

pare the individual effects of combining the two 

key techniques (lift and fill). Unfortunately, the 

exact percentage of long-term fat graft survival is 

currently a challenge to ascertain. Therefore, it is 

difficult to assess exactly what volume of fat to graft 

while considering the magnitude of volume that is 

redistributed through SMAS manipulation alone. 

This may explain the high degree of variability 

(standard deviation) in malar data points observed 

in our study. However, fat transfer overcorrection 

should not be used as compensation for this variabil-

ity. This may have detrimental aesthetic tradeoffs 

by creating an unnaturally overfilled facial con-

tour. Furthermore, percentage graft survival is not 

entirely predictable, and long-term effects of future 

weight gain or weight loss add more variables. It is 

best to graft less primarily and discuss with patients 

the possibility of needing to perform fat grafting or 

use fillers in the future for maintenance.

As expected, nasolabial fold improvements 

were powerful. Nasolabial fold improved by at least 

one grade in 81 percent and by over one grade 

in 11 percent. We believe this to be result of both 

the direct effect of SMAS soft-tissue recruitment 

and fat grafting of the nasolabial fold itself. In our 

experience, patients complain of this region and 

the neck more often than the loss of malar projec-

tion. In fact, many patients need to be educated on 

the importance of malar volume as a component 

of their facial appearance.

A key aspect of any fat grafting technique 

is assessing the capacity of the recipient site to 

accommodate the graft volume. In facial fat graft-

ing (unlike breast and buttock), it is less of a criti-

cal point because complementing the “customized 

facial tissue mobilization” rather than augmenta-

tion is the primary goal. Overcorrection is not nec-

essary, as expansion of the overlying tissue is not 

reliant on the fat grafts alone. In general, overcor-

rection is a flawed concept. The intercompartmen-

tal membranes are elastic and pliable (perhaps 

because of deflation) and easily accommodate the 

low–fat graft volumes typically injected. The degree 

of skin undermining and pull is dictated in part by 

the final contour of deep fat compartment aug-

mentation and SMAS movement. Superficial fat 

augmentation is not indicated and is more difficult 

in areas where skin has been undermined. When 

the skin is redraped properly, the shaping effects 

of deeper fat grafting and SMAS shaping translate 

effectively to the surface appearance. Therefore, 

unlike breast and buttock tissue, superficial liga-

mentous release of tethered skin points is not nec-

essary and may be required only at the lid/cheek 

junction or when dimpling occurs during closure.19

Fig. 9. Case 1. Preoperative and postoperative views.Breast Implants

Autologous fat grafting
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Figure 1. Breast MR segmentation and material assignment: (a) original, axial MR slice, (b) after

segmentation and (c) after tissue assignment to FE elements.

2.2.1. Tissue classification. A female breast is essentially composed of glandular lobules,

milk ducts, fat and Cooper’s ligaments, surrounded by muscle and skin (Netter 2010). Cooper’s

ligaments, running from the pectoral fascia through and around breast tissues to the dermis

of the skin, are connective tissues to support the breast. Figure 1(a) shows an example of MR

breast images. In this image, fibroglandular tissues (dark gray), fatty tissues (light gray), skin

(light gray), tumour (dark) and muscle (dark gray) are visible in the MR image, while Cooper’s

ligaments are invisible. Considering that the skin has little influence on breast deformation

in compression experiments (Azar 2001, Ruiter et al 2006, Tanner et al 2006), we treat

skin and fat as a single material (labelled fat for convenience). All MR volume images were

therefore segmented into fat, fibroglandular tissue, pectoral muscle and tumour (if present).

The pectoral muscle was first segmented from the rest of the breast volume, manually, using

an interactive tool in ANALYZE (www.analyzedirect.com). Once the pectoral muscle was

segmented, an automated method, integrating an intensity model, a spatial regularization

scheme and bias field inhomogeneity correction, was used to segment fat and fibroglandular

tissue from the pre-contrast breast MR image (Mertzanidou et al 2010, Cardoso et al 2011).

The method consists of an expectation-maximization algorithm with Markov random field

regularization, which has been implemented as an open-source program called NiftySeg

(http://niftyseg.sourceforge.net). Compared to thresholding methods, this method gives a more

detailed description of the fibroglandular tissue by calculating a probability of each tissue type

being present in each voxel. This is the partial volume effect in which a voxel may represent

more than one kind of tissues. We then assume that a voxel has a specified tissue type if its

probability value is more than 0.5 for this tissue type. Tumour was also segmented manually

using ANALYZE. Thus, the tissue type was fully determined for every voxel in an MR

image. Figure 1 shows the tissue structure of a breast in the 2D image slice before and after

segmentation.

2.2.2. Surface reconstruction of breast tissues. To generate the volume mesh of a breast,

the surface of each tissue type was first determined from segmented MR images using a

marching cube algorithm (Lorensen and Cline 1987). The tissue segmentation eliminated

surface ambiguities in the marching cube process. The surface generation process was very

fast due to direct triangulation from a look-up-table of properties for the marching cube routine.

To obtain the computational efficiency for FE analyses, smoothing and decimation processes

were employed. Figure 2(a) shows the surfaces of four different tissues extracted from the

segmented MR image shown in figure 1(b). The surface reconstruction process was completed

in less than 10 s.
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works with the same principle but has a larger
aperture (8 mm), thus deeper tissues are involved
in the suction experiment. Measurements were
performed by the application of a linearly

increasing pressure for 5 seconds, followed by
a constant load for 30 seconds. The maximum
elevation at the end of the measurement is consid-
ered as the long-term response of the tissue.

Fig. 6. Calculated (A, B) and measured (C, D) shape change caused by the insertion of wooden balls between
cheeks and tooth.21

Fig. 7. Face deformation caused by internal pressure (approximately 10 mbar) within the oral cavity.21 (A) Holo-
graphic measurements (B) and FE calculation (C) of outer skin displacement are displayed. Colors indicate the
distance of the deformed surface from the reference surface, in millimeters.
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Fig. 2. Geometric model of the patient’s breast after augmentation mammoplasty to be further compared with the deformed shape of the previously generated FE model.
(a) Different CT slices taken after augmentation mammoplasty, where the prostheses can be easily identified. (b) Tissue segmentation on a slice sample. (c) Geometric model
of the patient’s breast after surgery.

with negligible volume change, finite elasticity was used for the
constitutive modelling of the different tissues involved.

Isotropy was assumed for the breast since fatty and glandular
tissues have not a preferential fiber direction. A strain–energy den-
sity function ! in terms of the strain invariants was introduced
to characterize quasi-incompressible, near isotropic hyperelastic
materials, such as the breast tissues. According to the kinematic
assumption,! was written in the decoupled form [21] as:

 (C) =  vol(J) + iso(Cs) = 1
D

+ C1(I1 − 3) (1)

where  vol(J) and  iso(Cs) are given scalar-valued functions of
J = det F and Cs = J2/3FTF, which describe the volumetric (dilata-
tional) and the isochoric (distortional) responses of the material,
respectively, Cs being the right Cauchy–Green tensor and F is the
deformation gradient. The simplest hyperelastic model, the neo-
Hookean model, was assumed for iso(Cs) in expression (1), I1 being
the first invariant of Cs, and C1 a constant that is equal to half the
initial shear modulus " of the tissue, which takes into account the
stiffness of the breast.

The value of C1 should be computed from experimental mea-
surements taken on the particular tissues of the patient and their
arrangement on the breast. However, in the FE model the breast was
assumed to be homogeneous, and accordingly a rigorous parame-
terization of C1 was not necessary, so C1 values previously reported
in the literature were used. Samani et al. [22] reported mean val-
ues of Young’s modulus for normal breast tissues (Efat = 3.24 kPa
and Egland = 3.25 kPa). Therefore, a Young’s modulus of 3.24 kPa was
considered for the homogenized breast tissue in the present work.
Considering a Poisson’s ratio of ! = 0.499 to take into account the
incompressibility of the breast, as it is mainly composed of water,
the final value of C1 for the homogenized breast tissues of the
patient was 0.54 kPa.

Skin is considered an anisotropic and hyperelastic tissue [23],
but in the performed simulations it was supposed to be isotropic for
simplicity. Again, a hyperelastic behaviour able to withstand large

deformations was supposed in the FE model with the following
polynomial strain–energy density function  sk:

 sk =
N∑

i+j=1

Cij(I1 − 3)i(I2 − 3)j (2)

Expression [2] was fitted for N = 2 to the stress–strain exper-
imental results obtained by Gambarotta et al. [24] by the
least-square method, thus obtaining the following parameters:
C10 = 31 Pa, C01 = 30 Pa, C11 = 22.5 Pa, C20 = 50 Pa and C02 = 60 Pa. The
elements representing the skin in the FE model were assigned a
uniform thickness of 1 mm, as reported in the literature [19].

The constitutive relationships for these tissues were imple-
mented in ABAQUS v.6.5 [25], and the locking of hexahedral
elements was avoided using a standard mixed theory.

2.3. Boundary conditions

In a FE model, a suitable definition of the boundary condi-
tions can be more significant than the material properties in terms
of accuracy of results [19]. To properly simulate the mechanical
response of the breast during prosthesis insertion, fixed displace-
ment boundary conditions were imposed to the nodes of certain
locations in the FE model (Fig. 3). The nodes corresponding to the
thoracic wall were restricted as the underlying myofascial unit is
firmly attached to the rib cage. Mid-saggital plane nodes were also
restrained since the sternum does not move during surgery. Finally,
top and bottom surfaces were also fixed as they limit the upper and
lower parts of the breast, respectively, and they are distant enough
not to alter the accuracy of results.

2.4. Simulation of prosthesis insertion

At present, augmentation mammoplasty is a straightforward
procedure. The surgeon makes an incision in the armpit, in the
inframammary fold or along the areolar border of the breast, and

properties of the material, the forces applied at the
nodes are transmitted through adjacent elements,
and result in node displacements and element
deformations. The computational time is propor-
tional to the number of degrees of freedom, and
thus to the number of elements and nodes. The
FE mesh of the face was defined with the objective
of creating a model with sufficient spatial discreti-
zation, providing good performance in terms of
computational time and accuracy. A semiauto-
matic procedure has been applied that generates
a mesh composed of hexahedron elements start-
ing from an object in the form of a triangulated
surface.2

As illustrated in Fig. 2, each object is divided in
parts with a simple geometry (close to a parallele-
piped) and a basis surface is defined for each part.
The surface is subdivided in patches using a grid
of splines and a quadrilateral surface mesh is
generated. This two-dimensional (2D) mesh is
extruded by an average thickness of the part,
thus creating a 3D hexahedron mesh. Then, an
algorithm is used to project the nodes of this
mesh to the original triangulated surface of the
object. Manual adjustments are often required to
correct distorted elements or to increase the
correspondence with the object geometry at
some locations. The mesh of each object is then
imported into the commercial software ABAQUS

(Simulia, Providence, RI), used as solver and post-
processor for the FE calculations (see Fig. 3 for the
whole numerical model).

Model Equations for the Mechanical Behavior
of Soft Facial Tissue

The local relationship between forces (stresses)
and deformation is defined for each material
through the so-called constitutive equations.
Har-Shai and colleagues18 evaluated the nonlinear
viscoelastic mechanical properties of skin and
SMAS with experiments on excised tissue
samples. Corresponding constitutive equations
were developed by Rubin and Bodner.25 The orig-
inal model considers history-dependent variables
and corresponding evolution equations to repro-
duce the observed mechanical response caused
by the microscopic morphology of the tissues. A
direct link between tissue microstructure and
macroscopic mechanical behavior cannot be
achieved at present. Instead, the equations and
the material parameters are determined by
comparing predictions of the model with macro-
scopic experimental data. The constitutive model
was implemented as a user-defined algorithm
into the commercial FE software ABAQUS (Papes
O, PhD thesis, in preparation), and used for aging
simulations by Mazza and colleagues.26

Fig. 3. Overview of FE model of the face with indication of muscles and ligaments.21
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Figure 4.3 Macrofibers of orofacial muscles extracted from CT data shown on (a) CT scan (b) 

face mesh. 

Table 4.2 Orofacial Muscle fibers for half of the face 
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7.3 summary and recommendation for further work 159

(a) MakeHuman Head

Figure 7.14 Left: mutual tangents and convex hulls (both red) of muscle attachment
regions (black) constructed on SMAS surface (blue). right: muscle fibres (red)
as boundary-value straightest geodesics. Fibres of the procerus muscle not
shown.

Mazza E et al. Facial Plast Surg Clin North Am. 2011. 19:623-637

Chabanas M et al. Med Image Anal. 2003. 7:131-151
Nazari MA et al. Comput Methods Biomech Biomed Engin. 2010. 13:469-482

54 Chapter 4. Geometrical Modeling

Figure 4.2: Top: image segmentation with Amira. Bottom: voxel-based
discretization (left), simplifi ed surface model (middle), resulting tetrahedral
mesh (right) (from [119]).

54

Chapter 4. Geometrical Modeling

Figure 4.2: Top: image segmentation with Amira. Bottom: voxel-based

discretization (left), simplifi ed surface model (middle), resulting tetrahedral

mesh (right) (from [119]).

128 Chapter 6. Modelling Breast Geometry

Figure 6.2: 3D digital representation of the various breast tissue components ob-
tained from manual segmentation. The blue coloured data points represent the
interface between fibroglandular and fatty tissue, the orange spheres represent the
segmented vitamin e tablet, the maroon points represent the muscle boundary, and
the light brown points represent the skin surface.

Development of patient-specific biomechanical models for predicting large breast deformation
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(a)

(b)

Figure 2. Example tissue model: (a) 3D surfaces of four tissue types and (b) 3D FE volumetric

mesh representing these tissue types.

2.2.3. FE mesh generation. Mesh generation is often the most time consuming component

of FE analyses. It is still a challenging task to mesh arbitrary, multiple material domains for

good-quality meshes. Although commercial software, such as HypermeshTM, ANSYS/ICEM

CFD and SimplewareTM, can be used for multi-domain meshing, these require time-consuming

manual intervention and repair (Wittek et al 2010). To facilitate the automation of FE meshing,

we used a single-domain tetrahedral meshing algorithm to automatically generate a patient-

specific, 3D volumetric mesh based on the tissue surfaces extracted from segmented MR

images. The automatic process of tetrahedral meshing consisted of two steps: a coarse meshing

process followed by a refining process. A coarse mesh was generated from the whole surface

of a breast with Tetgen (http://tetgen.berlios.de/), an open-source mesh generator for 3D

tetrahedron meshing. To generate an FE mesh accurately representing the geometry of each

tissue type, the coarse mesh was refined by using the sparse points on the surfaces of each

tissue type as additional insert points in Tetgen. Figure 2(b) illustrates a 3D FE mesh generated

from the surfaces of the whole breast and from the surfaces of four tissue types shown in

figure 2(a). For this example, the whole breast was meshed into 29 307 nodes and 161 997

four-node tetrahedral elements. The mesh quality was checked by ABAQUS/CAE using three

default element failure criteria: shape factor (<0.001), face corner angle (<5 or >150) and

aspect ratio (>10). The shape factor is defined as the ratio of element volume and optimal

element volume, where optimal element volume is the volume of an equilateral tetrahedron

with the same circumradius as that of the element (the circumradius is the radius of the sphere

passing through the four vertices of the tetrahedron). The face corner angle is the angle between

the two edges of a surface in a tetrahedral element. The aspect ratio is the ratio between the

longest and the shortest edge of an element. Breast tissues are highly incompressible; therefore,

a four-node linear tetrahedral element type with an improved average nodal pressure (ANP)

formulation (Joldes et al 2009) was employed in order to prevent over-stiffening and volumetric

locking in the tetrahedral elements.

2.2.4. Tissue type assignment for FE mesh. The tissue type was automatically assigned to

each 3D element in the FE mesh based on tissue classification results in the MR image. First,

we found all the voxels within an element by determining whether the centre of a voxel was

inside or outside of the element; then we counted the number of the voxels belonging to each

Please cite this article in press as: Lapuebla-Ferri A, et al. A patient-specific FE-based methodology to simulate prosthesis insertion during an
augmentation mammoplasty. Med Eng Phys (2011), doi:10.1016/j.medengphy.2011.04.014
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Fig. 3. Anteroposterior (left) and posteroanterior (right) views showing color-coded nodes from different anatomical locations where fixed displacement boundary conditions
were applied.

creates an internal pocket where the prosthesis is to be placed.
The implant is then pushed through the incision to its placement
in submuscular or subglandular position. In order to simulate this
procedure using the FE model of the patient before surgery, the
scheme shown in Fig. 4 was followed.

Clearly, prosthesis insertion during an augmentation mammo-
plasty involves a displacement of the tissues and an increase in
breast volume. In the FE model, empty volumes mimicking the
pockets where the prostheses could be allocated were created by
introducing an equivalent pressure inside each breast. The plastic
surgeon that carried out the augmentation mammoplasty provided
the location of the prostheses, as shown in the second set of CT
images (Fig. 2b). The initial configuration !0 (Fig. 4a) was sup-
posed to be the mechanical reference state. In order to apply the
pressures, an internal loading surface in the anterior part of the tho-
racic wall was generated for each breast (Fig. 5), consisting of 1213

linear quadrilateral 0.6 mm-thick (usual in breast implant shells)
membrane elements, which coincided with the faces of the hexa-
hedral mesh representing the homogenized breast tissue. Pressure
was applied on the loading surfaces (Fig. 4b) until an empty vol-
ume of 365 cc (the same volume as the implant size) was obtained
for each breast in a new deformed configuration !1 (Fig. 4c). The
analysis was performed in ABAQUS v.6.5 [25] by means of a UMAT
user-defined material subroutine which permitted to compute the
associated deformation gradient F0

1. The values of the applied pres-
sures were 0.25 kPa and 0.24 kPa for the left and right breasts,
respectively. The small difference of 4.2% between both values was
assumed to be due to the non-symmetry of the FE model respect
to the mid-saggital plane. This loading procedure was previously
reported by Lanchares et al. [26].

To include the prostheses in the FE model, the deformed model
configuration !1 was exported to MSC.PATRAN 2006r1 [20] and

Fig. 4. FE simulation scheme of prosthesis insertion. (a) Initial (undeformed) state of the FE model of the patient before surgery. (b) Cut views of the left breast showing two
loading stages of the pocket generation. Pressure applied on the loading surface is symbolized by yellow arrows. (c) Perspective and lateral views of the totally deformed
breast with residual stresses in the FE elements. Empty space is marked with a white arrow. (d) FE model where meshes representing the silicone prostheses were allocated.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 2. Geometric model of the patient’s breast after augmentation mammoplasty to be further compared with the deformed shape of the previously generated FE model.
(a) Different CT slices taken after augmentation mammoplasty, where the prostheses can be easily identified. (b) Tissue segmentation on a slice sample. (c) Geometric model
of the patient’s breast after surgery.

with negligible volume change, finite elasticity was used for the
constitutive modelling of the different tissues involved.

Isotropy was assumed for the breast since fatty and glandular
tissues have not a preferential fiber direction. A strain–energy den-
sity function ! in terms of the strain invariants was introduced
to characterize quasi-incompressible, near isotropic hyperelastic
materials, such as the breast tissues. According to the kinematic
assumption,! was written in the decoupled form [21] as:

 (C) =  vol(J) + iso(Cs) = 1
D

+ C1(I1 − 3) (1)

where  vol(J) and  iso(Cs) are given scalar-valued functions of
J = det F and Cs = J2/3FTF, which describe the volumetric (dilata-
tional) and the isochoric (distortional) responses of the material,
respectively, Cs being the right Cauchy–Green tensor and F is the
deformation gradient. The simplest hyperelastic model, the neo-
Hookean model, was assumed for iso(Cs) in expression (1), I1 being
the first invariant of Cs, and C1 a constant that is equal to half the
initial shear modulus " of the tissue, which takes into account the
stiffness of the breast.

The value of C1 should be computed from experimental mea-
surements taken on the particular tissues of the patient and their
arrangement on the breast. However, in the FE model the breast was
assumed to be homogeneous, and accordingly a rigorous parame-
terization of C1 was not necessary, so C1 values previously reported
in the literature were used. Samani et al. [22] reported mean val-
ues of Young’s modulus for normal breast tissues (Efat = 3.24 kPa
and Egland = 3.25 kPa). Therefore, a Young’s modulus of 3.24 kPa was
considered for the homogenized breast tissue in the present work.
Considering a Poisson’s ratio of ! = 0.499 to take into account the
incompressibility of the breast, as it is mainly composed of water,
the final value of C1 for the homogenized breast tissues of the
patient was 0.54 kPa.

Skin is considered an anisotropic and hyperelastic tissue [23],
but in the performed simulations it was supposed to be isotropic for
simplicity. Again, a hyperelastic behaviour able to withstand large

deformations was supposed in the FE model with the following
polynomial strain–energy density function  sk:

 sk =
N∑

i+j=1

Cij(I1 − 3)i(I2 − 3)j (2)

Expression [2] was fitted for N = 2 to the stress–strain exper-
imental results obtained by Gambarotta et al. [24] by the
least-square method, thus obtaining the following parameters:
C10 = 31 Pa, C01 = 30 Pa, C11 = 22.5 Pa, C20 = 50 Pa and C02 = 60 Pa. The
elements representing the skin in the FE model were assigned a
uniform thickness of 1 mm, as reported in the literature [19].

The constitutive relationships for these tissues were imple-
mented in ABAQUS v.6.5 [25], and the locking of hexahedral
elements was avoided using a standard mixed theory.

2.3. Boundary conditions

In a FE model, a suitable definition of the boundary condi-
tions can be more significant than the material properties in terms
of accuracy of results [19]. To properly simulate the mechanical
response of the breast during prosthesis insertion, fixed displace-
ment boundary conditions were imposed to the nodes of certain
locations in the FE model (Fig. 3). The nodes corresponding to the
thoracic wall were restricted as the underlying myofascial unit is
firmly attached to the rib cage. Mid-saggital plane nodes were also
restrained since the sternum does not move during surgery. Finally,
top and bottom surfaces were also fixed as they limit the upper and
lower parts of the breast, respectively, and they are distant enough
not to alter the accuracy of results.

2.4. Simulation of prosthesis insertion

At present, augmentation mammoplasty is a straightforward
procedure. The surgeon makes an incision in the armpit, in the
inframammary fold or along the areolar border of the breast, and

Current state of simulation in plastic surgery 
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Figure 4.2: Top: image segmentation with Amira. Bottom: voxel-based
discretization (left), simplifi ed surface model (middle), resulting tetrahedral
mesh (right) (from [119]).

works with the same principle but has a larger
aperture (8 mm), thus deeper tissues are involved
in the suction experiment. Measurements were
performed by the application of a linearly

increasing pressure for 5 seconds, followed by
a constant load for 30 seconds. The maximum
elevation at the end of the measurement is consid-
ered as the long-term response of the tissue.

Fig. 6. Calculated (A, B) and measured (C, D) shape change caused by the insertion of wooden balls between
cheeks and tooth.21

Fig. 7. Face deformation caused by internal pressure (approximately 10 mbar) within the oral cavity.21 (A) Holo-
graphic measurements (B) and FE calculation (C) of outer skin displacement are displayed. Colors indicate the
distance of the deformed surface from the reference surface, in millimeters.

3D Face Modeling 631
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Operative observation



Our contributions

#3 
Simulation of Surgical Procedures

#2 
Hybrid Mechanical Model

#1 
Procedural Geometrical Model of the SSC



RadioAnatomical Study

8 acquisitions 3T-MRI 
on 6 subjects 

Face, Breast, Thorax, Abdomen, Upper & Lower Limbs



MRI 3T acquisitions



MRI 3T acquisitions



 from Generic architectural model…

Skin

Deep plane

Stratum membranosum 
Superficial Adipose Tissue 

Deep Adipose Tissue 

Skin Ligaments

Retinacula Cutis 
Superficialis 

Retinacula Cutis 
Profondus 

Fat Lobule



to a Parametrical geometrical model and…

Fat Lobule

Size 
Skint 
SATt 
SMt 
DATt 
RCSt 
RCPt 
Deept



Size 
Skint 
SATt 
SMt 
DATt 
RCSt 
RCPt 
Deept

from Parametrical geometrical model to…



 a Procedural lobular geometrical model

Uniform 3D sampling  of fat layers by Lloyd relaxationVoronoï tessellation used to model fat lobules as polyhedra 

Size 
Skint 
SATt 
SMt 
DATt 
RCSt 
RCPt 
Deept



Hybrid Mechanical model

4

spaces between skin and SM and SM and Deep Layer, and are parameterized
by their thickness SATt and DATt. These spaces are filled by a 3D Voronöı
tessellation where each Voronöı cell, defined by its center point, represents a
fat lobule. Center points are randomly located but evenly-spaced by using the
Lloyd’s algorithm. The mean diameter of a fat lobule called lobuled gives the
average distance between the center points.

size=7⇥7 cm
skint=4.5 mm
SATt=7.0 mm
SMt=0.6 mm

DATt=12.5 mm
lobuled=4 mm
RCSt=0.4 mm
RCPt=0.4 mm
deept= 30 mm

Fig. 2: SSC model for the buttocks based on parameters measured in a MR image.

The walls of the Voronöı tessellation correspond to the septa of RCS and
RCP which separates the lobules. They are extracted as a 3D triangle mesh. We
assume plane stress conditions for these walls, meaning that we neglect bending
over stretching; so wall thickness is not geometrically represented.

size=3⇥3 cm
skint=1.2 mm
SATt=5.0 mm
SMt=1.2 mm
DATt=3.4 mm
lobuled=1.5 mm
RCSt=0.2 mm
RCPt=0.1 mm
deept= 2.5 mm

Fig. 3: SSC model for the cheek based on parameters measured in a MR image.

Fig. 2 and 3 demonstrate that specificity of the anatomical region is taken
into account. At the level of the buttocks, the skin is thick, the thickness of the
DAT is very variable depending on the location. The mesh formed by the RCS
and RCP is very dense in areas of fat storage. At the level of the face, the SM,
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Ü

L
L

E
R

,
M

.,
H

E
ID

E
L

B
E

R
G

E
R

,
B

.,
T

E
SC

H
N

E
R

,
M

.,
A

N
D

G
R

O
SS

,
M

.
20

05
.

M
es

hl
es

s
de

fo
rm

at
io

ns
ba

se
d

on
sh

ap
e

m
at

ch
in

g.
AC

M
Tr

an
s.

G
ra

ph
.(

Pr
oc

.o
fS

IG
G

RA
PH

),
47

1–
47

8.
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Our contributions

#3 
Simulations of Surgical Procedures

#2 
Hybrid Mechanical Model

#1 
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Simulation of Indentation
Chapitre 3. Matériels & Méthodes

Modèle en 3D La modélisation en 3D permet de simuler l’expérimentation de façon plus
réaliste. La construction des modèles Éléments Finis en 3D a été réalisée à partir de 4 modèles
géométriques en 2D. Le maillage, les conditions aux limites sont montrés dans la figure 3.8. Ce
modèle 3D a été ensuite extrapolé dans la direction de l’avant-bras en vue d’éloigner les bords
de la zone d’indentation. Le modèle est constitué au total de 23973 éléments avec 12659 noeuds.
Les os ne sont pas pris en compte car ils sont rigides par rapport aux tissus mous comme la
peau et le muscle. Les noeuds à l’interface Muscle-Os sont donc fixés. Les éléments Tetrahedral
et Hexadral ont été utilisés.

Conditions aux limites:

● Déplacement imposé: Uy
● Les noeuds à l'interface Muscles-
Os sont fixés
● Les autres noeuds sont libres
● Contact: Indenteur-épiderme

Type d'éléments:

● 14973 éléments Tetrahedral
● 8950 éléments Hexahedral
● 12659 noeuds

Matériaux:

L.D.C.: Néo-Hooke incompressible
      Epiderme          Derme
      Hypoderme          Muscles

Modèle 3D

Uy

FIG. 3.8 – Modèle en 3D de l’avant-bras.

3.2.2.2 Choix de la loi de comportement

Le comportement hyperélastique est caractérisé par une fonction d’énergie de déformation (w)
qui est une fonction potentielle. Par définition, cette fonction d’énergie de déformation qui ne
dépende que l’état de déformation actuel e. La relation constitutive est ensuite donnée par la
formule suivante :

s = ∂w
∂e

Pour un matériau isotrope, la fonction w ne dépend que des invariants du tenseur de défor-
mation I1, I2 et J. Pour un matériau incompressible J = 1. Les calculs de l’aire d’une coupe de
l’avant-bras par le biais des images IRM, à 7 configurations ont montré la quasi-incompressibilité
des couches cutanées et des muscles. Les différentes formes de w donnent de différents modèles
de comportement hyperélastique. Les modèles les plus connus sont successivement énumérés
dans le tableau 3.2.
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Accuracy could be improved in future using non-linear material laws. How-
ever, this will raise the problem of parameter identification, as a high discrepancy
in the reported material parameter can be found in the literature, depending on
the measurement modality and test specimen.

size=5⇥5 cm
skint=1.48 mm
SATt=1.6 mm
SMt=0.2 mm

DATt=0.68 mm
lobuled=1.8 mm
RCSt=0.1 mm
RCPt=0.1 mm
deept=12 mm

Fig. 4: Simulation of indentation of the forearm according to an in vivo MRI study.

4.2 Simulation of the phenomenon of cellulite

Cellulite is considered for the majority of authors as a consequence of the in-
creased content of fat lobes associated with a deterioration of collagen tissue of
the skin and the relative stability of RC underlying the skin [8]. We simulated
the increase of 24 cm3 of fat in the SAT and DAT of the buttocks model of Fig-
ure 2 by modifying the rest shape of fat material. This results in skin dimpling
and nodularity as shown in Fig. 5 left. Then we reduced the sti↵ness of the skin
to simulate aging. Cellulite is enhanced as we can see in Fig. 5 right.

Fig. 5: Simulating cellulite in buttocks by increasing fat volume in SAT and DAT.
Right: cellulite enhancement due to aging simulation.

4.3 Simulation of fat injection in the subcutaneous tissue

Fat grafting is a major technique in reconstructive surgery. During this pro-
cedure, the injection site significantly a↵ects the outcome. In a deep injection
(that is in DAT), the e↵ect is said ”volumizer” and the main purpose is usu-
ally to increase the projection of an anatomical structure (cheekbone, buttocks,
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Tran, H.V.: Characterization of the mechanical properties of human skin in vivo using in vivo indentation MRI. 2007
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as a sharp, continuous, highly echogenic line within the
relatively hypoechogenic subcutaneous fat and running
parallel to the skin surface (Fig. 5d).

Back

More than one layer of well-deWned membranous
sheets were identiWed in the back region in the cadaver
dissections (Fig. 6a) and were conWrmed by ultrasonog-
raphy (Fig. 6b). Duplication of the membranous layer
of superWcial fascia was a common feature in this
region, particularly in the lower back. The collagen

Wbers in the two membranous layers were seen to run
at right angles to one another (Fig. 6c, d).

Thigh

In both the anterior (Fig. 7a) and posterior (Fig. 7c)
aspects of the thigh, more than one membranous layer
(Fig. 7e) could be recognized in the dissections as well
as by ultrasonography (Fig. 7b, d). The arrangement of
the superWcial nerves and veins in relation to the
membranous layer was similar to that observed in the
anterior arm and forearm.

Fig. 1 Arm region. The membranous layer (ml) of the anterior
arm consists of a complete single Wbrous connective tissue lamina
(a, b). Each main vein (v) embedded in this layer is enclosed in a
compartment formed by the muscular fascia (mf) deeply and by
the membranous layer superWcially (c). These two fascial layers
fuse peripherally, delineating a deep compartment that resem-
bled the characteristic “Egyptian eye” shape when viewed by
ultrasonography (c). Also, the veins are anchored to the Wbrous
walls of their compartments by means of a connective tissue lami-
na (arrowhead). Note in (a) a tributary vein (tv) is seen running
superWcial to the membranous layer and embedded in a thick sub-

cutaneous fatty layer (X). In the posterior arm, two layers of mem-
branous sheets (ml1 and ml2) separating the superWcial fat from
the deep fat or muscle (m) can be observed in a dissected speci-
men (d) and corresponding ultrasonogram (e). Note that the
membranous layer is more prominent on the posterior aspect of
the arm compared to the anterior aspect, as determined by their
echogenicity (e, b, respectively). f shows two membranous layers
excised from the posterior arm for thickness measurement. Note
that the superWcial layer (ml1) is more fatty in nature than the
deeper one (ml2). s skin
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