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Abstract

We devise a method for the accurate simulation of wound healing and skin deformation. This is based on adequate formulations
modeling the underlying biological processes. Cell movements and proliferation are described by a biochemical model whereas
a biomechanical model covers effects like wound contraction and the influence of the healing process on the surrounding skin.
The resulting simulation framework is very efficient and can be used with realistic input parameters like those measured in
biochemistry and biophysics. The accurate behavior of our approach is shown by reproducing regenerative healing processes
as well as specific effects such as anisotropic wound contraction, scarring and scab formation. Its efficiency and robustness is

illustrated on a broad spectrum of complex examples.

Categories and Subject Descriptors (according to ACM CCS): 1.3.7 [Computer Graphics]: Three-Dimensional Graphics and
Realism—Animation 1.3.5 [Numerical Methods]: Computational Geometry and Object Modeling—Physically based modeling

Keywords: Biochemical models, cell movement, medical simulation, physically based modeling, skin simulation, wound con-

traction, wound healing.

1. Introduction

While minor skin imperfections like those which are caused by
small blackheads, pimples, scars, or warts can be easily taken into
account due to the use of appropriate textures and bump maps, real-
istic complex skin damages and wounds are much harder to include
when modeling virtual animals or humans in scientific and visual
computing. If their long-term temporal evolution is also of interest,
for example for medical purposes or in the case of long story times
in films, the dynamic healing process has to be modeled realisti-
cally, which requires a sophisticated simulation approach capturing
the relevant biochemical and biomechanical processes accurately.

In fact, the healing of wounds is a complex process in which a
variety of cells interact to recover the traumatic damage. After the
skin tissue gets damaged the body orchestrates a sequence of events
to prevent blood loss, clean the wound, and finally grow new tissue
into the wound area. The outcome of a healing process, the final
shape of the wound and the amount of scarring is dependent on a
lot of factors, like the oxygen supply, the initial depth, the wound
environment, and the medical treatment when indicated. Although
some of the processes are not fully understood yet they have been
studied in depth in the fields of biology and physiology. However
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there has been no attempt made yet to appropriately model a com-
plex healing wound based on those biological insights. In this work
we aim to simulate and visualize the different stages a wound un-
dergoes and the effects that certain conditions in those stages will
have on the healing process. In particular, our specific contributions
are as follows.

1. We introduce an appropriate model describing the biochemical
and biomechanical processes of wound healing into the realm
of visual computing and solve it numerically in order to simu-
late such kind of dynamic processes realistically. Thereby, we
take the effects of the four different biological phases of wound
healing into account, in particular haemostasis, inflammation,
proliferation, and maturation.

2. On that basis, we develop an accurate and efficient simula-
tion and visualization framework which can robustly simulate
wound healing processes on arbitrary input geometries.

3. We demonstrate the accurate behavior of the presented approach
by reproducing regenerative healing processes as well as scar-
ring, keloid overgrowth, scab formation, and anisotropic con-
traction. Furthermore, to verify its robustness, we apply our
method to simulate several complex wound healing scenarios.

2. Related work

Within the visual computing community, a broad range of skin
related topics have been covered. From mechanical deformation
on macro- (cf. [MZS*11]) and micro-scales (cf. [Nagl5]), over
muscles (cf. [TBHF03]) and bones including skin sliding effects
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(cf. [LSNP13]), efficient contact handling and bulging effects from
muscle contraction (cf. [VBG*13]) over the coupling of a muscu-
loskeletal system with volumetric soft tissue (cf. [LST09]) to clot-
ting and bleeding (cf. [UF11]), and even structural wound syntheses
(cf. [LLC11]) and virtual surgery scenarios (cf. [Sif07]). However,
to the best of our knowledge the accurate simulation of wound heal-
ing has not been addressed in visual computing so far.

In contrast, if one considers appropriate literature in biomedical
research, a large amount of publications can be found, that cover
single aspects of a wound healing process in depth. Here we want
to just highlight a few of them. The first computational model for
wound healing was developed in [SM91] where the authors suggest
the use of a simple biochemical signaling from a single chemical
to regulate the healing process. Then in [OSM95] different inter-
dependent species that affect wound closure and contraction were
modeled first. This was later extended in [JMDGAOQ9] with further
cell signaling and dynamic mechanical properties based on colla-
gen deposition. For macroscopic deformation, [GOH06] examined
the mechanical properties of arterial layers and proposed a hypere-
lastic model that is also applicable to skin. Next to that [CMU10]
proposed a model to simulate scar tissue and account for the fiber
direction of the collagen.

3. The Wound Healing Process

In order to enable the reader to better understand the process of
wound healing in preparation for studying the biochemical and
biomechanical model in this contribution, we briefly describe the
relevant phases of haemostasis, inflammation, proliferation, and
maturation in this section. Further information can be found in bi-
ological and medical literature; for example, an excellent overview
is given in [OB09].

The haemostasis process is the first response of the body to a
tissue damage aiming to reduce the blood loss and initiating the
regeneration. The wounded area fills with blood plasma, platelets
and fibrinogen stream in and form a provisional matrix that enables
cell migration. At the same time platelets get trapped in the matrix
and stick to the open vessels. Also clotting factors, transforming
growth factors (TGF-beta) and vascular endothelial growth factors
(VEGF), are being released as the platelets come into contact with
the damaged tissue. On the surface, the clot starts to dry out and
form a scab.

In the following inflammation phase, the wound gets cleaned
from foreign particles and bacteria. Monocytes and neutrophils
enter the wound. They process bacteria as well as clot in order
to enable the growth of new tissue. Monocytes transform into
macrophages, consume dead tissue and release macrophage derived
growth factors (MDGF).

The new tissue is being created in the following proliferation
phase. For that, fibroblasts enter the wound attracted by the growth
factors and start to produce collagen, the main component of hu-
man skin. Collagen is also the main element for the new extracel-
lular matrix (ECM), which provides the scaffold that allows the
vascular network to grow into. This newly formed, soft and frag-
ile mass is typically denoted as granulation tissue. Activated by the
growth factors, keratinocytes migrate and start to proliferate. In this

so called re-epithelialization, those epithelial cells grow on to the
healthy granulation tissue in order to seal the wound with a protec-
tive layer. Within the granulation, tissue fibroblasts get transformed
by growth factors into myofibroblasts. Those smooth muscle-like
cells exert a contractile force on their surrounding. This contrac-
tion can reduce the area of a wound by 40 to 80 percent, and so
helps to minimize the surface of the exposed flesh.

In a usual healing process the amount of collagen production
equalizes with the degradation at some point. In some cases how-
ever the apoptotic effect is not strong enough to regulate the amount
of collagen. This leads to an excessive collagen deposition, result-
ing in large tumors or keloid scars, which grow beyond the wound
boundaries.

As soon as the wound is closed, the maturation phase begins.
In this remodeling step, collagen fibers of type-III, that have been
produced quickly by the fibroblasts, gradually get replaced by a
much stronger type-I collagen. Also the fibers get rearranged to
reach maximal tensile strength. With progressing maturation the
scar looses its red color and reaches its final shape and tone.

4. Biochemical and Biomechanical Processes

Our final wound regeneration model can be separated into two parts
describing the biochemical and biomechanical processes.

The first one handles the cell movement and the proliferation.
Here we reproduce angiogenesis (i.e. the growth of new capillar-
ies), the formation of fibroblasts, wound closure trough an epithe-
lial layer, scab formation, and the generation of fibrous scar tissue.
As additional materials, MDGF and oxygen are needed, as they
play an important role in the formation of new tissues and heav-
ily influence the other species. Those processes are approximated
by diffusion equations with different rates of growth, decay, and
dependency on other specimen.

In contrast, the mechanical simulation aims to reproduce the ef-
fect of wound contraction that affects the surrounding healthy skin.
During the proliferation phase, fibroblasts produce myofibroblasts
which start to contract and exert stress on the tissue.

Therefore we need to couple the biochemical simulation with a
mechanical one. For that, we deploy the hyperelastic material for-
mulation proposed in [GOHO6] for the simulation of arterial lay-
ers. For the biochemical processes we adapt the diffusion mod-
els of oxygen, MDGEF, capillary and fibroblast density as described
in [VIGAGB14]. These formulations are extended to model eschar
density, epithelial layer, scar tissue density, and dynamic wound re-
gions. The interplay of the simulated species is illustrated in Fig. 1.

4.1. Biochemical Model

In the biochemical part, the angiogenesis process is described by a
series of interconnected diffusion equations. We simulate the con-
centrations of oxygen u;, MDGF uj,, capillary density u3, fibrob-
lasts n, eschar density s, scar tissue p, epithelium e, and a plasma
field p which defines the wound region described by its indicator
function ®. A convection process links these quantities to the me-
chanical simulation and the resulting displacement vector v.

(© 2016 The Author(s)
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Figure 1: Illustration of the dependencies between the simulated
species and how they affect each other regarding growth or death.

4.1.1. Oxygen (u)

Oxygen is an important variable in the wound healing process and
has a major effect on the angiogenesis; see [KHS*83]. In [VJ-
GAGB14], the influence of oxygen is modeled as a diffusion pro-
cess which depends on capillary density and decay. We addition-
ally add the inverse dependency on the eschar density since it is a
form of necrotic tissue that, if reaching deep into the wound, can
hinder the regeneration process until it is dissolved. The process is
described by

oru; +V- (ul atV) = (1 7S) <D1 V2u| +7\,33|u3) 77\,171141

with scalar model parameters Dy, Aj, and A3 ;. Similarly to
[JMDGA09, VIGAGB12], the model parameter D; denotes the dif-
fusion rate of the quantity described by u; for i € {1,2,3} (e.g. Dy
describes the oxygen diffusion rate). Analogously, A; ; describes
the influence of the quantity described by u; on the quantity de-
scribed by u;.

4.1.2. MDGF (uy)

Macrophages are one of the first cell types which enter the wound.
The under-oxygenated tissue attracts them into the wound site and
they release growth factors to start the regeneration process. We
also add the inverse dependency on the scab here. The process is
described by

atuz +V- (uz 8,v) = (1 — S) <D2 V2u2 +7»1y2P(u1)) — 7»2’2142

with P(u1) =1 — (u1/uy?) if ug < u[fz and P(u;) = 0 otherwise. In
this context, “12 denotes the oxygen concentration below MDGF
are produced. This accounts for increased attraction in regions with
low oxygen and inhibited MDGF production where oxygen levels
returned to normal.
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4.1.3. Capillary Density (u3)

The growth of new capillaries, angiogenesis, is mainly influenced
by the MDGF and is reduced with increasing scab density. The
process is described by

atu3 +V- (I/t3 a[V) =

(1—y5) <<D3 V2u3 + (7\.373 —0—7»312142) us3 <l — ﬁ))) R
3

where 15! is the maximal capillary density.

4.1.4. Fibroblasts (n)

Fibroblasts are a cell species that is responsible for the synthesis of
a new ECM. They produce collagen which makes up (scar-)tissue
and differentiate into myofibroblasts, that align and generate con-
tractile forces on the surrounding as described in [GRM71]. Their
behavior is described by

on+V-(ndv)=(1-s) (Dn V20 + rauin (1 — %)) — A,

in which r, denotes the maximal rate of fibroblasts proliferation
and K the fibroblasts’ maximal capacity.

4.1.5. Eschar Density (s)

When the wound does not get covered with a wound dressing to
keep it moist, the blood plasma dries out and an eschar forms on
the wound surface to provide a temporary coverage. If the scab
gets thicker, it takes more time to dissolve the hard eschar first so
that the wound healing process is delayed and more fibrotic tissues
can form; see [GRC*10]. We model the eschar density as a diffu-
sion that has its source on the exposed wound surface. With pro-
gressing granulation and re-epithelialization, the epithelial tongue
grows into the wound site and under the scab. Keratinocytes, which
later form the new epidermis, start to dissolve the eschar from un-
derneath; see [KWP*01]. This effect is captured in our model by
reducing the scab formation with increasing epithelial density. The
process is described by

ds+ V- (s9v) =Dy V2s+ (1 —5) (1 — u3) R(®) — Aeses,

in which R(®) denotes the interface of the wound region ®.

4.1.6. Epithelium (¢)

The epidermis forms the outer layer of the skin and contains no
blood vessels. In the healing process it grows on healthy but fragile
granulation tissues and forms a protective layer over it. To restrict
the growth to healthy granulation tissues we define a function

1
Ly
Qi(u3) = {Yl 1
-2
that limits the growth of epithelial cells to a certain region of the
capillary density according to a model parameter y;. The process is
then described by

uz <1,
uz + ﬁ otherwise,

dre+ V- (edrv) = Qi(u3) (De V2e + Xg,ee) —hece.
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(a) Initial wound shape. (b) Scab formation.

(d) Keloid scar.

(c) Regenerated shape.

Figure 2: Comparisons of different healing processes. Starting from the identical wound shape (Fig. 2a), we simulated with scab formation
(Fig. 2b), a clean regeneration (Fig. 2¢), and a collagen overgrowth resulting in a keloid scar (Fig. 2d).

4.1.7. Scar Tissue (p)

The provisional collagen type-III produced by fibroblasts gradu-
ally gets replaced by tougher type-I collagen which makes up the
fibrotic scar; see [CMU10]. Healthy skin also consists of colla-
gen type I, however the fibers in scar tissue are almost uniformly
aligned. Not until the remodeling phase begins, the originally ran-
dom alignment recovers to some degree and the scar gets less visi-
ble. Our model relates scar tissue density to fibroblast based colla-
gen production and reduction based on the remodeling over time:

dp+V-(pdrv) = (1—s)(1—u3)(1 —€)hnpn—Ropp.

4.1.8. Wound Region (®)

To restrict the growth of the cells to a certain area and allow for
the overgrowth of keloid scars we model a dynamic wound region
 based on blood plasma. In particular, the wound area is filled
by clotted blood. For that we make use of a diffusion model that
emits from the wound boundaries. To account for the overgrowth
of fibrous tissue, we include a term that adds excessive collagen
deposition. Hence, if a certain collagen density is exceeded, this
excess is being pushed into the wound region to expand the volume.
In the case of a perfect regeneration, we assume that the wound
region extends over the entire wounded tissue. For that, in this area
we set ® = 1. In the dynamic case, a plasma field p is defined that
describes the blood clot which fills the damaged area. The process
is expressed by

dp+ V- (pdv) =DpV2p+(Appp+C(p) (1-p)),

in which the function p — C(p) := max(0,p — Pmax)/Pmax ac-
counts for an excessive collagen deposition that leads to growing
wound boundaries. That way, keloid scar formation can be simu-
lated. Then, we define the wound domain via® = 1 if p > p,i, and
o = 0 otherwise.

4.2. Mechanical Contraction Model

During the proliferation phase, the wound contraction sets in to
decrease the wound surface. Especially in scars the result of this
effect can get clearly visible. The cause for the contraction are cell
induced forces that affect the surrounding tissue. It has been shown
that myofibroblasts, modified fibroblasts with smooth-muscle like
features are mainly involved in this process; see [GRM71]. Here we
follow [VIGAGB14] where the myofibroblast exerted stress can be

directly deduced form the fibroblasts density. According to that the
resulting Cauchy stress tensor is represented by

Ocell = Ocenl = Pcell(e)"KmI,

in which I denotes the second order identity tensor, 0 the volumet-
ric strain on the tissue, and K, an enhancement factor. The active
pressure on the tissue as a result of sliding actin and myosin fibers
is expressed by peen(0). The pressure gets maximal when they per-
fectly align and it proportionally decreases when this overlap is re-
duced; see [MGADOS]. This is modeled with the piecewise linear
constitutive law

Kpase 9 < 9] )
Kact Prmax _ *
pcell(e) = Ka%el;l.)max (61 9) +Kpase e*g 91 =9 ,
#%(92—9)4-[%339 9 <9§92,
Kpase 9 > 62 5

where 8" = pmax/Kact. Here, 0 and 6, represent the shortening
and lengthening strain, the lower and the upper limit of the contrac-
tile element, and the active and passive volumetric stiffness moduli
are Kact and Kpas -

4.3. Hyperelastic Skin Model

An explanation for the macroscopic mechanical properties of skin
can be found in its internal microscopic structure. According to
[HO10] the elastic properties like nonlinearity and anisotropy re-
late to two different collagenous fibers. In particular the direc-
tion and dispersion of those two fiber families significantly effect
the mechanical response of the tissue. Based on this assumptions,
in [GOHO6] the skin is modeled as a hyperelastic material. They
propose the strain energy function

P(C,H;) =¥y (C) +

N

W¥i(C,H;(ag;, ¥)),

i=1

where W denotes the isotropic energy and Wy; the anisotropic
contribution of the fiber family, i € {1,2}. Those energy func-
tions proposed by [GOHO06] depend on the Cauchy-Green tensor
C, the fiber distribution Hj;, the fiber orientation ap;, and on ¥, a
measure for anisotropy. For damaged skin, [VIGAGB12] adapts
the energy function to a linear dependency on the tissue density,
so that the resulting strain energy for healing skin is described by
W = UPecm /Pecm, Where pecm describes the density of the damaged
and Peem the density of the undamaged skin.

(© 2016 The Author(s)
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Figure 3: Scarring on a woman’s neck resulting from large wounds. This kind of traumata could, for example, be caused by an animal attack.

5. Implementation

In this section, we address the relevant implementation details.

5.1. Biochemical Simulation

The chemical simulation is solved on a regularly spaced three-
dimensional Eulerian grid to be able to solve the diffusion pro-
cesses easily using central differences. We initialize the grid with a
user defined input mesh that provides skin and wound object. Then
we check with a ray intersection test which cells are wound, skin, or
empty cells. After that we add a layer of two cells on top of the skin
cells to initialize the epithelial field. This information is stored in a
state field that indicates the cell type (empty, epidermis, dermis, or
inner/outer bounds) to be able to check for boundaries. An update
step then performs the convection of the species along the mechani-
cal displacement, the diffusion processes, and the calculation of the
volumetric strain.

5.2. Mechanical Simulation

The mechanical simulation is implemented as a mass-spring sys-
tem. To simulate the skin as a volumetric object, the input mesh is
tetrahedralized first. For this we employ the tetrahedral mesh gen-
erator TetGen (cf. [Sil5]) using a maximal volume constraint to
ensure evenly sized tetrahedrons throughout the mesh. In the next
step we sample the volumetric strain calculated on the grid onto
all endpoints of the springs. This is done with the weight func-
tion 6, = Y;0;(x,)0;. We calculate the volumetric strain energy
for every spring and use it to set the new rest-lengths. To get the
anisotropic contraction effect, we weight the energy of all fiber di-
rections onto the springs according to their direction. We calcu-
late the resulting energy per spring with a simple angle dependent
weighting

_e_

e
01" Tle 302" Tle]]

Fe=Fet )| T

W+

in which e denotes the spring vector. Now the new rest lengths are
set according to Al = \/2W¥, /k, where k denotes the spring stiff-
ness. This follows from enforcing energy conservation. In an up-
date step we perform sub-steps independent from the biochemical
part until a stable configuration is reached.

© 2016 The Author(s)
Eurographics Proceedings (© 2016 The Eurographics Association.

5.3. Grid-Point Coupling

‘We solve for the convection term in the biochemical diffusion mod-
els and transfer the cell strain to the mechanical simulation. For
that, we need to couple the deforming mass-spring system with the
biochemical simulation. Hence a weighting kernel is needed that
transfers particle values onto the grid. For this interpolation we de-
ploy a cubic B-Spline basis function

S(wx)® — (wx)? + 2, 0<xl<1,
o(x) = —%(wx)3+(wx)2—2wx+%, 1< x| <2,
0, otherwise

as suggested in [SKBO08]. We extend this with a variable kernel size,
which depends on the ratio of the grid and the mechanical resolu-
tion. Here, we make use of the parameter w = y/N, /N with Ny,
the total number of spring nodes and N¢, the total number of ac-
tive grid cells. This one-dimensional construction can be expanded
to the multi-dimensional case by their tensor products, so that the
final weight function is given by

1 . 1 . 1
0i(xp) = 0(—(xp = i))O( = (yp = jh)O(; - (zp — k),
hx hy h
where £ is the cell size, (xp, yp7Zp)T the particle position in grid
coordinates, and (i, j, k) the grid index triple.

5.4. Visualization

To visualize the results, we map the simulated fields back onto the
original, undeformed mesh in order to apply a displacement and
compute the shader accordingly. To define the displacement depth
we calculate the normal distance of the surface to the maximal
height of a healthy capillary tissue. By adjusting the minimal capil-
lary density threshold it is also possible to artistically influence the
displaced wound depth. By sampling the grid we then transfer the
other attributes onto the input mesh. With the epithelial cell density
we define the shading of wound edges and the healthy skin which
overlays the granulation tissue shader. With beginning fibrosis, the
scar shader gets blended over dependent on the scar tissue density.
For keloids this shader is also dependent on the wound depth to
brighten regions that rise further from the surface. At last, the de-
formation of the mechanical simulation is being transferred to the
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original mesh. To allow for more control over the final look, all pa-
rameters that go into the shader can be ramped and multiplied. This
way we give the user artistic control to delay, speed up, smooth or
crease certain regions.

6. Numerical Examples

In this section we present a variety of wound healing scenarios in
order to illustrate the capabilities of our approach. We make use of
biochemical and biomechanical parameters as those listed in [VJ-
GAGBI12].

As a first canonical example we show a healing process that
is close to a perfect regeneration. Especially for young children,
wounds can heal with little to no scarring. We assume here, that
the wound is covered with a wound dressing so that no scab will
form. In this moist healing environment and without any further
contamination the conditions are optimal to minimize the amount
of scar formation. Moreover, we assume that there is no tendency
for keloid scarring and set a static wound region according to that.
As expected, the result is a clean regenerated shape with just little
fibrotic tissue that fades over time; see Fig. 2c. We can also observe
that the upper region with just shallow wounding exhibits almost no
fibrotic tissue. The computation times are listed in Tab. 1 and the
temporal evolution of the normalized wound area and its relative
error for different temporal step sizes are illustrated in Fig. 4.

A second example shows the overgrowth of the fibrotic tissue.
Here we can see that the critical threshold of collagen density is
exceeded and therefore the wound region expands, making space
for the proliferating collagen. Like in the first example we can see
the relation of the wound depth to the amount of scar formation;
see Fig. 2d. Excessive collagen production is primarily located in
deeply wounded areas leading to a keloid scar.

In a third example we focus on the contraction. We can see that it
effects the surrounding healthy tissue and pulls the wound edges to-
gether. Also the anisotropic behavior can clearly be observed here.
The fibers are set to be aligned horizontally, which leads to stronger
contraction in the horizontal direction and an elongated instead of
a round wound shape; see Fig. 7.

Intialization Simulation
Resolution #Tet bio. mech.  bio. mech.

(20,15,19) 4511 0.009 0.287  0.004 0.003
(40,31,39) 6350 0.485 0.415  0.018 0.010
(80,62,79) 11725  3.626 0.889  0.128 0.079
(
(

160,124,159) 34185 29.541 5.243  0.684 0.638

320,248,319) 103111 233.217 41.860 5.356 5.328

Table 1: Overview of the computation times for simulating the
clean regeneration process illustrated in Fig. 2 with different
grid resolutions/different numbers of tetrahedra approximating the
2cm x 2cm wound area. The computation times for the initializa-
tion process/simulation times per frame for the biochemical and the
biomechanical model are listed separately. The computations times
are measured in seconds on an Intel(R) Xeon E5 3.5 GHz with 32
GB DDR-RAM without GPU parallelization.
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Figure 4: Temporal evolution of the normalized wound area during
the first ten days of the clean regeneration process illustrated in
Fig. 2 using different temporal step sizes (upper diagramm): 9.375 -
10~* days (black curve), 1.875-102 days (red curve), 3.75- 1073
days (pink curve), 7.5+ 1073 days (green curve), and 1.5- 1072 days
(blue curve). The corresponding temporal evolution of the relative
error is illustrated in the lower diagram. The measurement with a
temporal step size of 9.375 - 1074 days is used as the ground truth,
since a reduction of the step size below this threshold does not lead
to a significant change of the temporal evolution of the wound area.

A fourth example shows the result of a simulation with a com-
plex input geometry. Here we input the mesh of an already scarred
face into our simulation framework in order to demonstrate its in-
teraction with the growth processes and its effects on non-smooth
geometry; see Fig. 5. We intensionally disable the scab formation
here to make the underlying process visible. We can see how the
bright red granulation tissue forms and fills the wound. At the same
time re-epithelialization can be observed and epithelial cells start
to cover the newly formed tissue. This is visualized as the light red
edge surrounding the granulation tissue. Next to that the contrac-
tion sets in and we can see that there is a maximal stress where the
wound is deepest. This is plausible as more fibroblast are being pro-
duced in those areas leading to greater volumetric stress. Also some
anisotropy in the contraction is visible leading to an elongated scar
instead of a contraction to a center point. Towards the end when

(© 2016 The Author(s)
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Figure 5: Wound healing on a scarred face in order to show the different effects on a complex geometry. The input geometry (upper left
picture) is violated (upper right picture) and their healing process is simulated and visualized (lower pictures). To make the whole process
visible we disabled the scab formation. As the healing progresses, we can see the effect of epithelialization, growth of granulation tissue,
some hypertrophic overgrowth, and anisotropic wound contraction.

Figure 6: Wound healing with (lower pictures) and without (upper pictures) medical suturing and the resulting degree of scarring.

(© 2016 The Author(s)
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Figure 7: Illustration of the anisotropic contraction pulling the wound edges together and deforming the healthy surrounding skin. The main
fiber direction runs horizontally here leading to a more elongated wound shape (middle) compared to the initial geometry (left). The change
in the different directions in the first hours of the healing process is colored (right) using the sequence “blue (no movement), cyan, green,

yellow, red (velocity of 7.715 - 10~ mm/s)”.

the wound starts to mature, we can observe how the scar color gets
through (the white area) and also notice a slight elevation of the scar
due to the overproduction of fibrotic tissue leaving a hypertrophic
scar. The grid for this simulation has a resolution of (97,65,100)
and the mass-spring simulation counts 3734 nodes. Per frame we
run sixty sub-steps of the mass-spring simulation to get a stable
approximation. For the whole simulation scenario, an average sim-
ulation time of around 300ms per frame can be measured on an
Intel(R) Xeon E5 3.5 GHz with 32 GB DDR-RAM (even without
GPU parallelization) which clearly demonstrate the high efficiency
of the presented approach. Since it can easily be parallelized on the
GPU in order to exploit the power of modern graphics hardware,
huge additional speedups can be expected.

Another complex wound healing process is considered in a fifth
example, in which we have simulated the healing process of a large
wound on a woman’s neck; see Fig. 3.

Finally, in a sixth example, the impact of suturing on the degree
of scarring is studied; see Fig. 6.

7. Conclusion

We have devised a method for the efficient dynamic simulation of
wound healing based on accurate models describing the underly-
ing biochemical and biomechanical processes. Next to the repro-
duction of typical regenerative healing processes, we were able to
capture specific effects like anisotropic wound contraction, scar-
ring and scab formation in order to simulate and visualize the
different stages of wound healing and their visual effects appro-
priately. The robustness of our approach regarding complex non-
smooth input geometries has additionally been verified by simu-
lating a healing process on a scarred face. Moreover, a complex
wound healing process on a woman’s neck and a medical sce-
nario with and without suturing have been simulated accurately.
The presented model is very efficient and easy to use since it can
be used with realistic input parameters like those measured in bio-

chemistry and biophysics avoiding exhausting parameter tuning or
time-consuming post-processing operations. This makes the pre-
sented approach useful in the context of the modeling of humans or
animals in visual computing as well as for accurate medical simu-
lations. In addition, some artistic freedom is given in the visualiza-
tion process. Moreover, the presented method is not restricted to a
static input geometry, so that it can be used to study for example the
negative effect of mechanical stress on the wound healing process.

8. Future Work

To reduce computational costs, blood plasma is modeled using a
basic approach. Here one could think of incorporating a fluid solver
with variable viscosity to accurately represent the clotting process
and add more dynamics. Also we assume a non-infected wound, for
which reason a possible extension would be to add debris, infection,
or necrotic tissue that influences the wound shape.

For a medical use of the presented framework, a detailed clini-
cal study is required which validates the results of the simulations
against the temporal evolution of the wound healing processes of
subjects. For that, accurate measurements of the specific parame-
ters are required as well as the exact shapes of the subjects’ wounds
at different states of the healing processes, which have to be cap-
tured precisely including deeper layers of the skin in order to ensure
similar conditions.
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