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Abstract. The aim of this work is to build a 3D geometric and mechanical model of the skin/subcutaneous complex (SSC) which could be
adapted to the diﬀerent parts of the body and to the morphological parameters of the patient. We present ﬁrst the anatomical pattern of the
SSC. Then, we propose a hybrid model which combines volume, membranous and unidimensional models. The complex internal structure of
the SSC is automatically created by a procedural process. All the models
are deﬁned by some parameters which can be easily measured by medical
imaging. We describe several preliminary experiments which show how
this hybrid method models realistic geometrical deformations and physical behaviors and could be used for surgery simulation and planning.
Keywords: biomechanics, soft tissue, skin/subcutaneous complex, plastic surgery, procedural method.

1

Introduction

Surgeons, biomechanicians and digital designers are all looking for accurate, realistic means of predicting the deformation of soft tissues. Although diﬀerent
objectives have been pursued in each case, the main problem arising has been
that of modelling a heterogeneous three-dimensional structure showing complex
mechanical behavior. In fact, there exists no mechanical model so far which accurately simulates the anatomy of the skin/subcutaneous complex (SSC), taking
the connective arrangements and the mobility of the components into account.
Most models are uni- or bi-lamellar, composed of layers which often have a
constant thickness and which show linear isotropic mechanical behavior (see for
example [5,4,9,14,10] for the face or the breast). They diﬀer considerably from
the genuine architecture of the human SSC, which is supported by a complex
three dimensional collagen network causing a non-linear anisotropic mechanical
behavior. Moreover, these models are dedicated to a speciﬁc anatomical area.
F. Bello and S. Cotin (Eds.): ISBMS 2014, LNCS 8789, pp. 173–181, 2014.
c Springer International Publishing Switzerland 2014


174

C. Herlin et al.

Although the structure of subcutaneous tissue diﬀers between various regions
of the human body, common components have been identiﬁed in several anatomical parts. The existence of a generic pattern of organization of the SSC was put
forward several years ago [11], then conﬁrmed in recent radiological work [1] at
the level of the arms, legs and trunk. Nevertheless, this anatomical ﬁnding has
never been the basis of a generic modeling of the human SSC.
The aim of this work is to build, from anatomical knowledge, medical imaging
and histological observation, a generic 3D geometric and mechanical model of
the skin/subcutaneous complex which could be adapted to the diﬀerent parts
of the body and to the morphological parameters of the patient. In section
2, we present the anatomical pattern of the SSC. In section 3, we propose a
hybrid model which combines volume, membranous and unidimensional models
of the diﬀerent substructures. The complex internal structure of the SSC is
automatically created by a procedural process. All the models are deﬁned by
some parameters which can be easily inferred by medical imaging. In section 4,
we describe several preliminary experiments which show how this method models
realistic geometric deformations and physical behaviors and could be used for
surgery simulation and planning.

2
2.1

Anatomical Considerations
Generic Pattern of the Skin/Subcutaneous Complex

The generic model of organization of the human skin/subcutaneous complex
was conﬁrmed by our 3T MRI studies at the level of the face, the trunk and
the limbs [7]. We can summarize this organization into a multi-layered model
retained by a collagen network which combines the following substructures (see
Fig. 1):
– Skin which has a very variable thickness (1 to 7 mm) depending on locations;
– Superficial Adipose Tissue (SAT) consisting of fat lobules of variable size
organized in clusters rather like palisades bands;
– Retinacula Cutis Superficialis (RCS) formed by the septal densiﬁcations
lobules of the SAT;
– Membranosum Stratum (SM) or membranous layer of the superﬁcial
fascia; it can be either ﬁbrous and/or muscular and either single or multiple;
– Deep Adipose Tissue (DAT) composed of polyhedral fat lobules, as in a
honeycomb arranged more randomly than in the SAT;
– Retinacula Cutis Profondus (RCP) formed by the septal densiﬁcations
lobules of the DAT;
– Skin ligaments (SL) [13], also perpendicular to the skin which are a particular specialization of RCS and RCP . They allow the maintenance of the
skin or SM in deep plane or skin. They have already been described at the
face, breast, the ﬁngers, the sole or the scalp.
– Deep Layer which is the inferior limit of the SSC. This may be muscle,
aponeursosis or periosteum.
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Fig. 1. Generic model of the Skin/Subcutaneous Complex with all the substructures

2.2

Regional Specificity

At the level of the face, the SM endorses a particular muscle specialization called
Superficial Musculo Aponevrotic System (SMAS) ensuring facial expressions [9].
This residue of the panniculus carnosus is found to be in continuity with the
temporoparietal fascia and the superﬁcial layer of the cervical fascia. However,
this continuity is interrupted between the two nasojugal fold where the layers
are intermingled, making the stratigraphic pattern more diﬃculty to identify.
At the level of the breast and thorax, the SM identiﬁed beyond the mammary
region is continuous anteriorly, in the breast area, with a superﬁcial layer located
3 to 4 mm under the skin. The collagen network, less developed in male chest,
corresponds to the Cooper’s ligament in female breast.
In the antero-lateral part of the abdomen, the SM forms a single layer. More
anteriorly, it is divided into two parts when the adipose tissue becomes thicker.
In the peri-umbilical region, the SM takes a deeper course and merges with the
pre-muscular fasciae of the rectus abdominis muscles.
Finally, for the lower limbs and buttocks, the SM and Retinacula Cutis show
a similar pattern of organization. A clear-cut increasing gradient in the number
of RC in the knee and buttocks, correspond to the preferential fat storage sites.

3
3.1

3D Modeling of the Skin/Subcutaneous Complex
Procedural Geometrical Modeling

In order to deal with the variability of the SSC with respect to the regional
speciﬁcity or the morphology of the patient, we introduce a procedural method
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to build a detailed 3D geometrical model. This model is based on some global
parameters which can easily be measured in MRI or echography.
Skin, SM and Deep Layer are modeled by a layer of a given thickness (called
respectively skint , SMt and deept ). SAT and DAT correspond respectively to the
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 Voronoı̈
tessellation where each Voronoı̈ 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 Voronoı̈ 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
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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,
thicker, has a muscle diﬀerentiation. The volume of lobules is small and RCS as
RCP are thin.
3.2

Hybrid Mechanical Modeling

From a mechanical point of view, the SSC is composed of elements of variable mechanical behaviors: hyperelastic for the skin and visco-elastic for the fat.
This assembly has a global non-linear anisotropic behavior principally due to
the existence and orientation of collagen ﬁbers. Detailing the stratigraphic and
lobular organization of the sub-cutaneous fat, we wanted to recreate the overall
anisotropy of the SSC by adding linear isotropic elements. This approximation
is permitted by the architectural complexity of the geometrical model.
To model the diﬀerent substructures, we built an hybrid model. It combines
a volume model for the skin, SM, SAT and DAT, a membranous model for the
interlobular septa of RCS and RCP and a unidimensional model for the skin
ligaments.
We used the SOFA framework [3] which is particularly suitable for implementing and processing this type of composite models in nearly real-time. Programming is based on a Python script that allows ﬂexibility in the geometrical
and mechanical parameterization.
Volume, membranous and unidimensional components of our model were discretized using respectively hexahedral, triangular and edge ﬁnite elements. To
mechanically couple them, these elements were embedded in a coarser regular
grid using barycentric interpolation. The typical size of a coarse hexahedron was
2 mm. Time integration for coarse nodes was performed using the Euler implicit scheme and conjugate gradient algorithm. Strain was measured using the
corotational method.
For each substructure, we extracted Young’s modulus data from the literature,
and performed an average. We try to assess these values by a simulation of
indentation in similar conditions of some published research. Poissons ratio was
ﬁxed at 0.49 due to the incompressible nature of the materials.

4
4.1

Some Experiments
Simulation of Indentation

In order to validate the behavior of our model, we simulated an indentation
test of the forearm with the parameters found in an in vivo MRI study [15].
Geometrical parameters are listed in Fig. 4, right. In paticular, DAT is very
thin. Young modulus of skin, fat, SM, RC and muscle were respectively set to
20, 1 , 60, 100 and 15 kPa.
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The indenter was modeled as a cylinder of diameter 5 mm. Such as in the
experiment presented in [15], we simulated several indentations between 0.35
and 1.8 N. Fig. 4, shows a comparison between real data and the obtained
vertical displacements at equilibrium. On average the error was 18% suggesting
that our model is rather realistic.
Accuracy could be improved in future using non-linear material laws. However,
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 increased 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 Figure 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 stiﬀness of the skin
to simulate aging. Cellulite is enhanced as we can see in Fig. 5 right.
4.3

Simulation of Fat Injection in the Subcutaneous Tissue

Fat grafting is a major technique in reconstructive surgery. During this procedure, the injection site signiﬁcantly aﬀects the outcome. In a deep injection
(that is in DAT), the eﬀect is said ”volumizer” and the main purpose is usually to increase the projection of an anatomical structure (cheekbone, buttocks,
breasts...). In contrast, if the injection is more superﬁcial, the eﬀect is more on
the shape of the injection site and it is most often used to ﬁll wrinkles or scars.
We simulated an injection of 0.5 cm3 of fat inside the DAT of the cheek model
of Fig. 3. It results in a smooth and global elevation of the skin surface (see Fig. 6
left). Fig. 6 right shows the simulation of a similar injection inside the SAT. Our
model allows to simulate the ”orange peel” phenomenon with a high ﬁdelity.
This problem during surface injection is common in daily clinical practice and
feared if a too large volume of injection is carried out in a too superﬁcial plane.
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Fig. 5. Simulating cellulite in buttocks by increasing fat volume in SAT and DAT.
Right: cellulite enhancement due to aging simulation.

Fig. 6. Simulating fat injection in the cheek at the level of DAT (left) and SAT (right).
If the injection is too superﬁcial, the ”peel orange” phenomenon appears.

5

Future Work

If we have the external shape of the patient, for example by using MRI or a
3D surface scanner, we could deform the generic model and ﬁt it to his speciﬁc
and exact morphology. Such a registration will allow us to perform pre-operative
simulations of plastic surgeries of the face, the thorax or the breast. In particular,
we think that our model will be able to simulate breast augmentation surgery
in a more faithful way because it includes an accurate modeling of RC, which
corresponds to the Cooper’s ligament which has a major role in the ﬁnal shape
of the breast.
This model will also permit to simulate fat grafting inside the adipose tissue
taking into account its lobular composition and its retaining connective tissue.
Some studies focus on fat injection as [6] and more recently [12] but none is able
to simulate fat grafting considering the destruction of septa or skin ligaments.
Such a technique called fasciotomy is common in daily practice, in a particular in
breast reconstruction [2]. The simulation could be done procedurally by deleting
the walls of the Voronoı̂ cells corresponding to the RCS and cutting the skin
ligaments.
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Nevertheless, to simulate a more accurate behavior of the skin, it will be
necessary to add to our model the anisotropic behavior of the skin and the preexisting tension. These properties have been described in details and are often
represented as Langer’s lines. This would allow us to simulate other type of
plastic surgeries as skin incision or lifting.
Acknowledgments. We want to thank the radiology team of University Hospital of Nı̂mes, France for MR acquisitions and Ms. Witt for the quality of her
drawings.
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