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Preface

This book, New Developments in Tissue Engineering and Regeneration, is in line
with the previous ones from the same editors, Advances on Modeling in Tissue
Engineering (2011) and Tissue Engineering: computer modeling, biofabrication
and cell behavior (2014), and it represents a new contribution for the field of Tissue
Engineering with a focus on the development of mathematical and computational
methods that are quite relevant to understand human tissues as well to model,
design, and fabricate optimized and smart scaffolds.

The present book encompasses contributions from recognized researchers in the
field, who were keynote speakers in the Fourth International Conference on Tissue
Engineering, held in Lisbon in 2015, and covering different aspects of Tissue
Engineering.

The book is strongly connected with the conference series of ECCOMAS
Thematic Conferences on Tissue Engineering, an event that brings together a
considerable number of researchers from all over the world, representing several
fields of study related to Tissue Engineering.

The editors are deeply grateful to all the contributing authors. We would also
like to thank the European Community on Computational Methods in Applied
Sciences (ECCOMAS), the Portuguese Association of Theoretical Applied and
Computational Mechanics (APMTAC), and the Portuguese Foundation for Science
and Technology (FCT) for supporting the Conference.

Lisboa, Portugal Paulo Rui Fernandes
Manchester, UK Paulo Jorge da Silva Bartolo

v



Contents

Computational Modelling of Wound Healing Insights to Develop
New Treatments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
M. J. Gómez-Benito, C. Valero, J. M. García-Aznar and E. Javierre

Traction Force Microscopy in Differentiating Cells . . . . . . . . . . . . . . . . . 21
Shada Abuhattum, Amit Gefen and Daphne Weihs

Adaptive Multi-resolution Volumetric Modeling
of Bone Micro-structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
Yizhak Ben-Shabat and Anath Fischer

Low Temperature 3D Printing of Drug Loaded Bioceramic
Scaffolds and Implants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
Susanne Meininger, Elke Vorndran, Miguel Castilho,
Paulo Rui Fernandes and Uwe Gbureck

A Biomechanical Approach for Bone Regeneration Inside Scaffolds
Embedded with BMP-2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
C. Gorriz, F. Ribeiro, J. M. Guedes, J. Folgado and P. R. Fernandes

vii



Computational Modelling of Wound
Healing Insights to Develop New
Treatments

M. J. Gómez-Benito, C. Valero, J. M. García-Aznar and E. Javierre

Abstract About 1% of the population will suffer a severe wound during their life.
Thus, it is really important to develop new techniques in order to properly treat these
injuries due to the high socioeconomically impact they suppose. Skin substitutes
and pressure based therapies are currently the most promising techniques to heal
these injuries. Nevertheless, we are still far from finding a definitive skin substitute
for the treatment of all chronic wounds. As a first step in developing new tissue
engineering tools and treatment techniques for wound healing, in silicomodels could
help in understanding themechanisms and factors implicated inwound healing.Here,
we review mathematical models of wound healing. These models include different
tissue and cell types involved in healing, as well as biochemical and mechanical
factors which determine this process. Special attention is paid to the contraction
mechanism of cells as an answer to the tissue mechanical state. Other cell processes
such as differentiation and proliferation are also included in the models together with
extracellular matrix production. The results obtained show the dependency of the
success of wound healing on tissue composition and the importance of the different
biomechanical and biochemical factors. This could help to individuate the adequate
concentration of growth factors to accelerate healing and also the best mechanical
properties of the new skin substitute depending on thewound location in the body and
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2 M. J. Gómez-Benito et al.

its size and shape. Thus, the feedback loop of computational models, experimental
works and tissue engineering could help to identify the key features in the design of
new treatments to heal severe wounds.

Keywords Wound healing · Mechanobiology · Wound contraction · Skin
substitutes

1 Introduction

Skin is the largest organ of the human body. It represents the natural interface between
the body and the environment, acting not only as a physical barrier but also as a reg-
ulator of water loss. It is part of the immune system, avoiding the entrance of strange
particles and pathogens. When skin is injured, it heals through a complex cascade of
events aimed at restoring skin integrity. Normally, wounds heal without additional
complications in the time curse of a few weeks (to recover the main functionalities
of skin). However, when the healing path is altered (by many pathological condi-
tions affecting this process), severe or chronic wounds appear. These severe wounds
include pathological scars in which there is an overexpression of collagen (hyper-
tropic scars and keloids), contractures in which there is not enough scar formation,
large area wounds such as burns, and chronic wounds such as pressure ulcer. The
treatment of these severe wounds represent a high socioeconomical cost. For exam-
ple, it has been reported that in the year 2000, the treatment of pressure ulcers reached
the 4% of the United Kingdom National Health System expenditure [2]. In the same
country, in the year 2011, the average cost of a pressure ulcer ranged from £1,214
to £14,108, attending to the severity of the case [9]. It is also important to notice
that these injuries also cause considerable pain to the patient, can add months to the
hospital stays [9], and in the worst scenarios dramatically reduce the quality of life
of the patients. Thus, it is really important from a societal, clinical and economic
perspectives to put our efforts in the prevention and reduction of the number of severe
wounds and improve, in the range of our possibilities, their treatment.

Serious injuries to the skin do not heal autonomously, and usually they require
coverage to repair and restore skin function or other external treatments such as
negative pressure wound therapy. Skin replacement is normally done by autologous
skin graft of a patient; healthy skin is separated from the donor site and transplanted
into the recipient area. However, availability of sufficient healthy skin can limit
this treatment, as well as the additional health risks associated with it such as the
deformation of the donor-site [39]. Allogenetic, xenogenetic, syngeneic and cadaver
skin grafts are also used; nevertheless, they present also problems of availability and
add the problem of rejection.

Due to the above mentioned limitations of skin grafts, engineering skin substi-
tutes emerge as a growing area in both clinics and engineering research. However,
currently, no skin substitute has provided an outcome similar to an autograft [39].
Some of the problems with existing skin substitutes are the reduced vascularization
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and scaring of the graft margins. Moreover, their structure remains to be relatively
simple (normal single layer or bilayered), and their three dimensional architecture
and mechanical properties are still far from those of skin. This is in part due to
the processes employed to fabricate them, being technologically extremely difficult
to replicate the way healthy skin appears during embryogenesis and fetal develop-
ment [54]. In order to improve these treatments it is really important to know the
mechanical behavior of healthy skin and the wound, and how they influence the
cell mechanosensing capacity. Therefore, the next step in tissue engineering shall be
the design of new skin substitutes able to replicate skin and wound mechanical and
functional characteristics.

Other treatments for chronic wound include the application of external stimu-
lation. For example, negative pressure wound therapy (NPWT) has been used to
promote healing of severe injuries, and it is widely extended in chronic wounds [22].
This treatment is based on the positive effect of mechanical stimulation in the healing
of tissues. The positive effect of tension strains has been observed to regenerate other
biological tissues such as bone in the distraction osteogenesis process in which the
rapid vascularization is a key factor in the development of new bone [47]. Oxygen-
based therapies have been explored for the treatment of chronic wound in diabetic
patients. In this respect Hyperbaric Oxygen Therapies (HBOT) seek the promotion
of healing by the stimuli of the angiogenesis process [12], although the inherent
negative effects of this therapy need to be further examined.

Unfortunately, we are still far from developing a definite treatment to heal severe
wounds. The traditional approach to develop new therapies has been based on the
use of animal models. However, animal experimentation is expensive in economical,
social and temporal terms. Also, there is no animal model of skin which completely
mimics all the characteristic of human skin [31]. On the other hand, the use of in
silico models offers a wide (and cheap) spectrum for analyses. Consequently, it is
called to play a prominent role in the design of new treatments, due to its intrinsic
capacity to isolate single factors [18].

2 Healthy Skin

Skin represents a 6% of the total bodyweight [56], it has a variable thickness depend-
ing on the body location from around 1.5mm in the sclap to 4mm in the back. It is a
highly organized structure consisting of three main layers: the epidermis, the dermis
and the hypodermis.

Themost external layer of the skin is the epidermiswhich is continually renewing.
It is approximately 75–150µm in thickness. The epidermis is also divided into five
layers. The stratum corneum is the outermost layer of the epidermis which provides
a permeability barrier and is mainly composed by a mixture of lipids and an acid
mantle important to prevent infections. The other four layers which compose the
epidermis are the stratum lucidum, the stratum granulosum, the sratum spinosum
and the stratum germinativumwhich are a second-line epidermal barrier between the
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outside and inside of the body [1]. The main epidermal cell types are keratinocytes
which represent around90–95%of the present cells.Keratinocytes are antinflamatory
mediators which are part of the immune system. Other cells types in the epidermis
includemelanocytes responsible of skin pigmentation and protecting against damage
of UVR radiation, Langerhans cells which maintain immune homeostasis in skin and
represent around 5% of the epidermal cells [50] and Merkel cells mechanosensory
cells which participate in touch reception [34].

The epidermis and the dermis are tightly connected through the basement mem-
brane. Thismembrane represent a critical interfacewhich allows cell communication
and regulates different cellular activities such as differentiation and apoptosis. It has a
structural role, maintains the architecture of the tissues and also provides anchorage
for cells migration, macromolecules transit and temporal storage of these macro-
molecules [36]. The basement membrane is mainly composed by collagen type IV,
laminin, proteoglycan and tentactin [6].

The dermis is the second skin layer, it is a dense fibroelastic connective tissue
of around 1–4mm thickness. It can also be divided into two layers: the outer one is
the papillary dermis which contains disorganized collagen fibers; and the inner one
is the reticular dermis, which is formed by organized fibers. The papillary dermis is
thinner that the reticular one. The dermis contains much less cells than the epidermis
and it is in charge of housing skin’s appendages (eccrine and apocrine sweet glands,
pilo-sebaceous follicles), nerves, vascular and lymphatic vessels and receptors [56].
The predominant cell population of the dermis is the fibroblast which produces
and degrades the extracellular matrix and also contracts it. Other cell populations
in the dermis are dendritic dermal cells, macrophages and mast cells which are
multifunctional cells of the immune system. The dermis gives structural support and
mechanical strength to the skin, and it is also responsible of the nutritional supply.
The extracellular matrix of the dermis is composed by different fibers: collagen and
elastic fibers [58]. Collagen provides tensile properties to the dermis, being collagen
type I the most abundant, however there are also other collagen types (III, V). In
addition, elastic fibers gives elasticity to the dermis, which include elastin, fibrillin
and microfibrilar components. Finally, the extrafibrilar matrix components of the
dermis are proteoglycanswhichmaintainwater and ion balance, glycoproteins, water
and hyaluronic acid [58].

The third layer, the hypodermis (or subcutaneous fat) is composed of loose fatty
connective tissue. It serves to fasten the skin to the underlying tissue, it represents an
energy reserve for the body and it is also a thermoregulator. The main cell population
of the hypodermis is adipocyte.

The collagen fibers of skin are not isotropically oriented [26]. In fact, Langer was
the first to observe that the skin is an anisotropic material in the 19th century [26].
He punctured the skin with a circular device and observed that the circular wounds
became elliptical in shape when relaxed. Joining the major axes of the ellipses he
drew the tension lines of the skin which were named Langer’s lines. These lines are
normally oriented in the direction of the underlyingmuscles. Later on, the orientation
of Langer lines was identified as the preferential orientation of collagen fibers in skin
[8, 48], and also it was observed that wounds in the direction of Langer’s lines tend
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to heal quicker than the ones perpendicular to these lines. Moreover, skin is naturally
prestressed [15] which add complexity to its behavior.

The complex multilayered architecture and composition of the skin together with
theLanger’s linesmakes the skin a complexmaterial fromamechanical point of view.
Also the variable layer composition and thickness which depends on the individual,
body site and agemake evenmore difficult the adoption of a single constitutivemodel
for the healthy skin. Different mechanical models have been adopted to characterize
this intrincated mechanical behavior considering its viscoelasticity [27], hyperelas-
ticity [3] and anisotropy [43]. However, the models ranged from the simplest ones
which assume the skin as a monolayered linear elastic material, to the most complex
which consider skin anisotropy and its multilayered nature [14]. The constitutive
model adapted when considering its anisotropy is the same as in other fibered soft
tissues [17]. Other characteristics such as the viscoelasticity associated to its multi-
phasic nature has also be taken into account.Most of themodels used for healthy skin
are monolayered models; however, recently multilayered models which considered
the different behavior of the layer have also be introduced to simulate healthy skin
[14].

3 Wound Healing

Wound healing is a dynamical complex organized process which aims at restoring
the injured skin. It involves the interplay of different cellular species, extracellu-
lar matrix components, biochemical factors such as growth factors and cytokines
together with the mechanical environment. The cell-cell and the cell-extracellular
matrix interactions are also really important for the success of this process. Wound
healing is divided into three phases which are overlapped in time: hemostasis phase,
re-epithelization phase and maturation or remodeling phase.

The injury disrupts the tissue and provokes haemorrhage. The first response of the
organism to the injury is the formation of a blood clot to reduce blood loss, this is the
coagulation or hemostasis phase. Mechanical properties of this blood clot are really
important for the whole wound healing process, it will serve as a provisional matrix
for cell migration. In this phase, platelets play a pivotal role (Table 1) since they
reduce blood loss and also release platelet-derived growth factor (PDGF) which will
stimulate fibroblast proliferation and chemotaxis [16]. Inflammation starts around
one hour after the injury, neutrophils migrate to the wound site and remove debris
tissue, death cells and bacteria.

In the proliferative phase the blood clot is gradually replace by granulation
tissue and new blood vessels are developed in the angiogenesis process. Fibroblast
and endothelial cells proliferate and migrate to the wound site around three days
after the fracture. Endothelial cells start to form new capillarities from existing ones.
Fibroblast secrete collagen type I, glycosaminoglycans and proteoglycans which
are the main components of the extracellular matrix. This early collagen secretion
results in an initial rapid increase in wound strength. Epithelial cells migrate to
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Table 1 List of cellular species involved in wound healing
Name Function Location Healing stage/

process
Others

Adipose cells/
Adipocytes

Store energy as fat Hypodermis Synthesize several
hormones

Endothelial
cells

Form new capillaries
during angiogenesis

Blood vessels Epithelialization Motile cells that migrate
to the wound site during
the epithelialization
stage

Fibroblasts Synthesize collagen
type III
Generate contraction
forces

Dermis
Hypodermis

Epithelialization
Contraction

Motile cells that migrate
to the wound site during
the epithelialization
stage

Keratinocytes Main constituent of the
epidermis
Form a barrier against
environmental damage
Modulates the immune
system producing
anti-inflammatory
mediators

Epidermis Epithelialization Motile cells that migrate
to the wound site during
the epithelialization
stage

Macrophages Phagocytosis
Eliminate bacteria and
dead cells at injured
sites

Dermis
Hypodermis

Inflammation Derived from blood
monocytes
Enter the damaged site
through the endothelium
of blood vessels
Chemotactically
attracted to the wound
site by cytokines
released from damaged
cells
Part of the immune
system

Myofibroblasts Synthesize collagen
type III
Generate contraction
forces
Secrete factors that
induce angiogenesis

Dermis Epithelialization
Contraction
Angiogenesis

Differentiated
fibroblasts
Non-motile

Neutrophils Eliminate bacteria and
dead cells at injured
sites

Bloodstream Inflammation Attracted by
inflammation factors
Part of the immune
system

Platelets Prevent bleeding
forming a plug where
there is vascular
endothelial damage
Blood coagulation

Dermis Hemostasis Release PDGF

the wound site and secrete different growth factors such as transforming growth
factors α and β (TGF-α, TGF-β) which stimulate wound contraction. Fibroblast
and myofibroblast contract the wound reducing its size. Myofibroblasts disappear
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after this phase by apoptosis. Nevertheless, the activity of myofibroblasts persists in
pathological healing, such as in hypertrophic scars and contractures [21].

Finally, the remodeling phase takes place, which could last for years. The colla-
gen type I deposited during the proliferative phase is replaced by collagen type III.
This new deposited collagen is reorganized along the Langer’s. Once the remodeling
phase is concluded, the tensile strength of the scar is about 70% of the tensile strength
of the healthy skin about six weeks after injury, which is close to the maximal tensile
strength the scar can achieve 75–80% of the healthy skin [29].

All these processes are guided both by biological and mechanical stimulus. The
main cellular species involved in healing are summarized in Table 1.

4 Severe Wound Treatments

Different treatments are used when a wound present problems while healing. If
the wound is large, it is normally covered by a skin substitute. Even though the
autologous skin graft is the preferred technique from a biological point of view,
it presents problems of availability and different side effects. Thus, currently the
tendency is towards artificial grafts. When the wound is profound, the skin substitute
is combined with different pressure therapies in order to accelerate and improve
healing.

Skin Scaffolds

Skin substitutes have arisen as a promising technique to treat wounds in which
coverage of large areas of skin is required. Indeed, skin substitute engineering is a
growing area of research; skin substitutes are widely used in clinics nowadays. In
fact, different commercial skin grafts are routinely used in the clinical practice [38].

Artificial skin substitutes provide an immediate protective barrier for the wound.
They prevent dehydratation, the entrance of strange particles in the wound (microor-
ganisms and toxins); they also provide an immediate matrix for cell adhesion and
revascularization of the wound. As wound healing progresses the scaffolds are inte-
grated in the wound, through the cell migration and vascularization into the skin
graft. Sometimes the scaffold is seeded with different cells or growth factor to favor
its integration.

Skin substitutes could be classified as dermal, epidermal or dermo-epidermal
[53] depending of the area to cover. They could be also biodegradable or non-
biodegradable [53]. Regarding their mechanical and structural properties, first skin
substitutes (now in the market) were designed to replace healthy skin, they try to
mimic the properties of this healthy skin. Nevertheless, there is not a scaffold which
provide results comparable to biological skin [38]. Different problems arise in the
outcome of wound healing such as poor angiogenesis and scaring of the wound mar-
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gins. This is due to the fact that the architecture and composition of the skin scaffolds
is much simpler than the one of the healthy skin; for example, skin scaffolds lack
of skin appendages (hair follicles, sweat and sebaceous glands) [19] which modify
its mechanical properties. These appendages represent discontinuities in the tissues
which change skin permeability.

Now the trends go towards skin substitutes which promote wound healing rather
than the ones which try to replace skin. Thus, the properties of new scaffolds try
to mimic the ones of the wound to allow the different phases of wound healing to
happen. Moreover, different cells populations and growth factors are integrated in
the new generation scaffolds [66]. Special attention is been paid to the morphology
and architecture of the scaffolds at different scales. Since it has been observed that to
properly promote regeneration it is really important not only mimic the micro-scale
morphology of the ECM of the wound but also its nano-scale morphology [66]. For
example a key aspect to promote cell growth is the pore size at different scales. The
new research developed to understand cell-cell and cell-ECM interactions [11], have
emphasized the need to preserve the properties of the ECM of a normal wound. In
this sense, it is also important the use of mixing material better than single materials
[10].

Pressure Wound Therapies

Negative pressure wound therapies (NPWT) use a suction device to apply a subat-
mospheric pressure to the wound, which has been previously filled with a porous
foam and sealed with an adhesive. Different interface materials and suction devices
have been used since this treatment was first proposed by Morykwas et al. [41].

This treatment is based in mechanotrasduction principles, that is the cells are
able to sense the mechanical stimulus and translate it into different biochemical and
mechanical signal. This principle was first used to induce regeneration and formation
of bone by Ilizarov and Soybelman [23], who first applied traction force in order to
generate new bone through distraction osteogenesis. Here, tensile strains are also
induced in the wound borders. This deformation stimulates angiogenesis, migration,
proliferation and extracellular matrix production. Moreover, the suction removes
excess of fluids in the wound. The pressure is applied till the wound is filled by gran-
ulation tissue or the wound is prepared for surgery. The level of microdeformation
induced in the interface of the wound with the foam dressing depends not only on
the applied pressure but also on the foam pore size. In fact, the pore size of the foam
is directly related with the amount of granulation tissue formation [20].

The pressure is applied continuously or intermittently. Better results are observed
when it is applied intermittently, nevertheless it requieres more care of the patient
and it also results in discomfort for the patient [22].
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5 Computational Models of Wound Healing

As already mentioned, the healing of a wound involves the coordinated interaction
of a wide range of chemical factors and cellular species. Numerous models have
tackled the different phases of the healing process, frequently from a continuum
point of view. This path was initiated in the early nineties by Sherratt and Murray
[51] and Tranquillo and Murray [57], since then it has experienced an increasing
attention. First wound healing models were dedicated to the biochemical aspects of
the process, mainly focusing on the relation between cellular species and the growth
factors that guide the cellular evolution during healing. Sherratt and Murray [51]
developed one of the first wound healing models in which they studied the evolution
of epidermal cells and a mitosis-regulating growth factor. This model evolved to
more complex ones [44, 57] through the inclusion of more cellular species such as
fibroblasts and myofibroblasts and the concentration of collagen ECM in the skin.
Moreover, these models added the mechanical properties of the skin in order to
evaluate the ECM displacement that the skin suffers during wound healing. Most
wound healing models that include mechanics are focused on the contraction stage
during wound healing [25, 42, 44, 57, 60–65] and one of their main objectives is to
quantify the size reduction that the wound suffers during healing. Nevertheless, other
models pay attention to other phenomena that occurs during wound healing such as
angiogenesis [12, 13, 24, 33, 35, 45, 46, 49, 59, 63, 64]. Most of the angiogenesis
works include the oxygen as a main factor in their models together with the influence
of angiogenic growth factors.

Fig. 1 Scheme of the mechanobiological models. They consist of three main blocks: the bio-
chemical evolution of tissues, the constitutive model of the tissues in which mechanical stimulus
is determined and the mechanosensing mechanism of the cells in which the two first block are
connected
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When the mechanical behavior of skin is included in wound healing models one
of the most important aspects is the constitutive material model used to reproduce
skin properties. In most wound healing models skin is considered to behave as a
viscoelastic material [25, 35, 42, 44, 57, 63–65]. However, it is known that the real
behavior of the skin is more complex and in the last years more realistic constitu-
tive material models have been considered. Valero et al. [59, 60] included isotropic
hyperelastic skin properties to simulate angiogenesis during wound healing and later
added the anisotropic component [62]. In that work, Valero et al. [62] included the
effect of fiber anisotropy in three dimensions to reproduce the real collagen fiber net-
work of the skin. Collagen fibers are oriented according to two preferred directions
and thus skin behavior is not the same along every direction.

Most of the previous models study wound healing under normal conditions, with-
out assistance. Nevertheless, some models simulate the evolution of wound heal-
ing under different therapies that improve or accelerate healing. Lott-Crumpler and
Chaudhry [32] analyzed different suture patterns in wounds with complex shapes
to find the best resulting stress distribution. Buganza Tepole et al. [7] also used
stress analysis to predict healing during the application of skin flaps in reconstruc-
tive surgery. Flegg et al. [12, 13] studied the effect of hyperbaric oxygen therapy
in wound healing paying attention to the angiogenesis process. They studied the
appearance of capillary tips and the evolution of blood vessels according to the
oxygen supply.

General Framework of Continuum Wound Healing Models

The pioneering models, and the more recent ones, are built upon a set of coupled
diffusion-convection-reaction equations, one for each species in the model. The con-
sidered species represent the averaged values of their biological counterpart, such as
endothelial cells, fibroblasts or myofibroblast densities (i.e. number of cells per unit
of volume), extracellular matrix fibers such as collagen (in its different types), fibrin
and cytokines and growth factor concentrations (i.e. mass per unit of volume) such
as VEGF, TFG-β. The system of equations to be solved is frequently non-linear (to
cope with the intricate communication between cells, cell-receptors and mechano-
biological cues) and strongly coupled (to cope with the cascade of events that lead
the activity of a certain cellular species triggered by precursor factors). The gov-
erning equations ruling these models are formulated attending to the conservation
of cellular and chemical species and the conservation of tissue momentum, together
with the mechanosensingmechanism of the cell (Fig. 1). This mechanosensing of the
cells is represented through their capacity to sense their mechanical environment and
translate it to regulate the forces that they exert on the tissue and also to regulate other
biological processes such us differentiation and extracellular matrix production. The
use of non-coupled models between biochemical and mechanical processes allow to
deal with the different time scales at which biochemical and mechanical event occurs
at the wound site.
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Thus, if we consider a system with n cellular or chemical species ci (with i =
1, . . . , n), the conservation of the first one, c1, can be formulated in general terms as

∂c1
∂t

+ ∇ · J1(t, x, c1, . . . , cn, u) = f1(t, x, c1, . . . , cn, u, σ ) (1)

where t denotes the temporal variable, x the spatial coordinate, J1 denotes the net
flux of species c1 and f1 denotes the net production of species c1. In this general
framework, the flux term J1 may account for factors such as randommigration, biased
migration (chemotaxis, haptotaxis and/or durotaxis) and the passive drag of species
due to the deformation of the host tissue. This can be mathematically formulated as

J1(t, x, c1, . . . , cn, u, σ ) = − D1∇c1 + a12
(A12 + c2)2

c1∇c2 + a13c1∇c3

+ a1,cell∇ · σ cell + c1
∂u
∂t

, (2)

where the first term of Eq. (2) accounts for the random migration (or diffusion) of
c1, the second and third terms account for the biased migration upwards a chemo-
tactic factor c2 (chemotaxis) and a ECM fiber density c3 (haptotaxis), the fourth
term accounts for the biased migration towards stiffer or strained regions (duro-
taxis/tensotaxis), and the last term accounts for the passive drag of substance c1 due
to the extracellular matrix deformation (represented here by the displacement field u
and the subsequent velocity field ∂u

∂t ). The chemotactic sensitivity function a12
(A12+c2)2

is taken from Olsen et al. [44] based on Michaelis-Menten reaction kinetics between
the chemotactic factor and the receptors at the cell surface [52]. The haptotactic
term, a13c1∇c3, is taken from Tao and Winkler [55], whereas the durotaxis term,
a1,cell∇ · σ cell , is taken from Moreo et al. [40]. Note as well that the durotaxis term,
a1,cell∇ · σ cell , includes implicitly the cell density, c1, through the definition of the
cell induced stress, σ cell , as shall be detailed below. In both cases the sensitivity
coefficient (a13 and a1,cell ) is considered constant.

Similarly, the net production of species c1 can present an expression of the form:

f1(t, x, c1, . . . , cn, u, σ ) =
(
r1 + r12,maxc2

C12 + c2

)
c1

(
1 − c1

K1

)
− k14c2

K14 + c2
θ+c1

+ k41c4. (3)

This net production expression takes into account the proliferation of species c1
and the differentiation of species c1 into species c4, both mechanisms upregulated
by the mitotic factor c2 (through a saturation-like kinetics of the form

K14c2
K14+c2

, where
K14 denotes the maximum stimulus prompt by the cytokine c2 and K14 regulates the
influence of cytokine).Moreover, the differentiation from c1 to c4 includes as well the
influence of tissue stiffness and cell stretch (Fig. 2) through the term θ+ = max(θ, 0)
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Fig. 2 Initial mechanical environment of the injured site. After the injury takes place it is distracted
due to the prestresses of the healthy skin that make volumetric strains in the wound to be positive
and negative in the healthy skin. This distribution of stresses will induce differentiation of fibroblast
into myofibroblasts inside the wound

(where θ = ∇ · u) [60]. Finally, the last term on Eq. (3) accounts from the backward
differentiation from species c4 to species c1, modeled through a linear kinetics.

The conservation of tissue momentum can be written in general form as

∇ · (σ ecm + σ cell) = fext , (4)

where σ ecm denotes the host tissue constitutive material law (which can chose among
elastic, viscoelastic, hyperelastic, with or without anysotropic effects [62]), σ cell

denotes the cell-induced stresses and fext the external forces acting on tissue. Nor-
mally, the external forces are assumed to be linear with the tissue stiffness, modeled
as the product of cell density and extracellular matrix fibers density. The cell-induced
stresses σ cell ismore accurately represented as the product of the net force per a single
cell and the cellular densities exerting traction forces, as for instance

σ cell = pcell(θ)c1I (5)

where an isotropic behavior has been assumed, governed by the cellular function
pcell(θ) that copes with the regulation of the traction force by the tissue stiffness
through the cellular volumetric deformation θ [60].

With this model different results could be obtained such as the temporal evolution
of the different cellular and chemical species and the extracellular matrix mechanical
environment (Fig. 3). Models as the above-described have been extensively used to
analyze the course of the healing process, and in particular, to unveil patterns leading
to unsuccessful healing. Most attention has been driven to hypoxic wounds, where
an insufficient oxygen supply impedes the progress of healing. In this line, Flegg
et al. [12] used a biochemical model of angiogenesis to investigate the impact of
oxygen based therapies. More extensive models of angiogenesis include the effect
of the tissue mechanics, such as Schugart et al. [49] and Xue et al. [65]. Menon et
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Fig. 3 a Superficial circular wound simulated in which both wound and surrounding healthy skin
are included; b evolution of fibroblast inside the wound and volumetric stress (MPa). The model
proposed in [59] has been used in the simulation. Note the different scales used in the contour
legends at the begin and end of the simulation

al. [37] used a biochemical model of wound closure to study the effect of prolonged
inflammation on the healing kinetics. Purely mechanical models have been also
considered to design improved cushions for preventing pressure ulcers in patients
with reduced motility [30].
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6 Discussion and Conclusions

In silico models represent a powerful tool to understand the wound healing process
and how different factors influence its outcome. Note that they offer a straightforward
framework to isolate not only the mechanical variables but also the biochemical
ones. Besides, physically based models set a step forward in the understanding of
different phenomena such as the differentiation of fibroblast into myofibroblast and
the contraction kinematics [60]. Thus, in silico models provide a cheap platform on
which elucidate the main variables which will be important to produce future skin
substitutes which better mimic the morphology of the wound and skin. Moreover,
they add the possibility of performing patient and site specific simulations in order
to determine the viability of different treatments before their application; as well as
the opportunity to simulate both physiological and pathological states.

Some ideas arise when analyzing the results of computational models of wound
healing, regarding the design of new treatments. First, the design of patient specific
skin substitutes could aid to reduce scarring by controlling tissue contraction, in
this respect, wound morphology could be naturally incorporated. Secondly, the skin
scaffold need to adequately mimic the material properties of the substituted tissue
(such as stiffness evolution, anisotropy, prestress and Langer’s lines). Similarly, the
use of negative pressure therapies is conditioned to a better knowledge of the pressure
level to apply. Thirdly, it is equally important to take into account the interaction of
cells with the skin substitutes by mechanosensing and how cell-cell interactions are
modified when the tissue properties are not the same as the wound or the healthy
tissues. And last but not least, a deeper knowledge of the intricate governing the
healing cascade need to be gained before a definitive wound healing treatment for
severewounds can be found.As far aswe know, the complete aetiology of this injuries
is not completely understand, and, despite the efforts made to treat and prevent severe
wounds their prevalence rate remains still high.

The design of skin substitutes has been traditionallymadewith passive and biolog-
ically compatible scaffolds which replace healthy skin. However, the new trend goes
towards skin substitutes which mimic the mechanical and architectural properties
of the wound [39] in order to actively promote healing through mechanotransduc-
tion. Cells detect, react and adapt to the mechanical stimulus that they feel, which
is undoubtedly influenced by the mechanical properties of the skin and the wound
along the healing process. This aspect should be considered when designing new
treatments. It may be important to properly reproduce the mechanical environment
in each time point of the healing process in order to better reproduce the environment
which better induce cell activity and produce no alterations in cell mechanotransduc-
tion when compared with normal wound healing. This will be essential to understand
mechanotransduction of cells and how it could be altered due to different extracellu-
lar matrix environments such as the ones of skin substitutes. In silico models could
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also be used to determine the outcome of each skin substitute before implantation.
Moreover, different new factors should be incorporated in in silico models.

The importance of considering the different spatial and temporal scales that char-
acterize the healing process has been proven experimentally through the study of
various treatments [11, 20, 66]. It is necessary to go down until the nanoscale to
understand the cell-to-cell and cell-to-ECM interactions that guide the healing pro-
cess. Different attempts have been made to reproduce this interaction such as the
proposal of cellular function laws based on experimental evidences [60]. However,
in order to properly determine the interaction of the cell and extracellular matrix,
new models of wound healing should incorporate the nanoscale implicitly. Recently,
several models of single cell events such as migration of cells in two [40] and three
dimensions [4, 5] have been developed. However, to completely understand the aeti-
ology of severe wounds (and consequently search for the most suitable treatment) it
is necessary to incorporate all the involved scales in order to unveil the individual
role of each factor at each scale and the interactions among scales. Moreover, as
far as we know, the topology and internal architecture of the wounds has not been
incorporated in the models, even though they guide different events of healing [20,
66].

Additionally, it would be also very important to understand the way skin develops
during embryogenesis and fetal growth. Computational models focused on these
early phases could also aid in understanding the the healing process, as well as
exploiting their complementary nature respect to in vivo and in vitro experiments an
their intrinsic capability of individuating the role ofmechanics on it. Thiswould guide
the design of more complex structures for skin scaffolds [38] as well as the analisys
of more favorable mechanical environments for skin development and healing. The
absence of scaring in fetal wounds [28] could be considered as the ideal situation to
be mimicked.

Finally, it should be noticed that a wide range of approaches have been developed
to study wound healing, both from experimental and computational perspectives.
However, these approaches are closed to the one specific aspect under consideration.
It has been proved for other biological tissues [18] that the interrelationship among
the different events can have and important role in the improvement of healing and
consequently the design of new treatments. Therefore, it seems more convenient
nowadays to exploit the specific knowledge in the last decades in a joint and global
model of the healing process.
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Traction Force Microscopy
in Differentiating Cells

Shada Abuhattum, Amit Gefen and Daphne Weihs

Abstract This chapter provides an overview of the traction force microscopy
method used to measure forces applied by cells on substrates under different culture
conditions and particularly, as reviewed here, during differentiation. Different rele-
vantmathematical and computational theories for tractionmeasurement are reviewed
here, and are being compared based on pros and cons, and implementations in exper-
imental setups. Furthermore, we summarize the literature which reports the effects
of the mechanical environment on the differentiation and commitment of stem cells,
as relevant to traction force microscopy work. We conclude by focusing on an exam-
ple application, where we describe changes in the mechanical forces applied by
preadipocytes onto a soft (gel) substrate during their differentiation.

Keywords Traction force microscopy · Stem cells · Adipogenesis ·
Mechanobiology

1 Introduction

In this book chapterwe emphasize the importance of cell forcemeasurements as a link
to the intracellular processes.We detail the different approaches for measuring forces
exerted by cells that were developed over the last few decades. This chapter focuses
on employing thick elastic substrates for measuring traction forces where the theory
of elasticity can be applied. Fluorescent beads are embedded in this substrate and their
location changes when cells apply forces. We present three different approaches for
extracting the traction forces from the displacements of the beads. The comparison
between the approaches allows to understand the advantages and disadvantages of
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each method and to correctly choose the suitable method for a given experimental
setup. In addition, this chapter will review selected studies conducted on stem cells
and committed cells. We show that stem cells can be affected by the stiffness of the
substrate; the same stem cells can commit to different lineages when the substrate
stiffness is changed from soft to rigid. Finally, we describe changes in the forces
applied by preadipocytes during the process of differentiation. Understanding the
mechanotransduction and mechanical properties of differentiating cells can reveal
new approaches for tissue engineering and regeneration.

2 Cell Cytoskeleton and Force Generation

A cell applies mechanical forces in many biological processes such as organogen-
esis, wound healing, inflammation, angiogenesis and metastasis. During these pro-
cesses cells migrate, differentiate, and proliferate. To do this, cells must attach to and
spread on a substrate where they generate internal forces through their cytoskeleton
and transmit them to the substrate [1]. Thus, evaluating cell-matrix interaction is
important for understanding these cell-scale processes.

Rather than spatially organize the cell content, the cytoskeleton connect the cell
physically and biochemically to the external environment. It also generates coor-
dinated forces to enable migration and morphology changes of the cell [2]. The
cytoskeleton includes three different types of bio-polymer protein networks: actin,
microtubules, and intermediate filaments. The actin, which is mainly located near the
membrane, is themost dynamic component. It plays a key role in the interaction of the
cell with the extracellular matrix [3]. The microtubules surround the cytoplasm and
connect the nucleus to the plasma membrane. They have an essential role in motility,
division, morphogenesis and organization of the cell and in organelle transport [4].
The intermediate filaments are found between the microtubules and the actin. They
are less dynamic, and have a major role in absorbing mechanical stresses [5, 6].

The cytoskeleton is connected to the external environment through focal adhesion
(FA) assemblies. Thus, when the cell adheres to a substrate or extracellular matrix
(ECM) the FAs are formed to allow force generation and mechanical transduction
[7]. The actin cytoskeleton generates traction forces through two main components,
the actomyosin stress fibers that generate tension which contracts the cell body [8];
and the actin that polymerizes to form protrusion for facilitating cell migration [9].
Accordingly, FAs transmit mechanical signals from and to the cytoskeleton, and by
that, plays a critical role in the cell biological processes. Therefore, measuring these
traction forces had been used as a main approach to understand inner cell dynamics.

3 Cell Traction Force Measurements

The traction force microscopy (TFM) method is widely used for measuring the
forces applied by cells. It has been improved and customized substantially over the
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past few years to allow its implementation in different cell systems and in 2 or 3
dimensions. However, inferring the applied traction forces from the dynamics of the
substrate is commonly shared for all TFM approaches [10]. For this purpose, the
cells are adhered or embedded in elastic substrates that deform when cell-traction is
applied and through these deformations forces are calculated. Early attempts showed
a contractile ability for human foreskin fibroblasts. The fibroblasts were mixed with
rat tail collagen solution; once the collagen was polymerized it formed a disk with
defined diameter. The embedded cells contracted and changed the diameter of the
disk [11]. This attempt was later developed to measure the contractile forces of the
embedded cells, by relating the change in diameter to the gel characteristics [12].
This method succeeded to quantify the contractile forces for all the cells embedded
in the gel but could not separate the calculations for individual cells.

For single cell force measurements, thin silicone membranes were introduced. In
this technique, cells that were cultured on the membranes generated traction forces
and created wrinkles on the membrane [13]. Measurements of the forces were done
by reversing the wrinkles with a flexible needle [14]. However, no computational
method for forcemeasurement was available due to the non-linearity of the wrinkling
problem. Therefore, the thin siliconemembranes were replaced in some latter studies
by thick polyacrylamide gels (PAM) that deformed slightly, but did not formwrinkles
when cells applied forces [15, 16]. The PAM gels contained embedded markers and
their movement under cell-applied forces was tracked and analyzed to yield the
displacement field resulted by the tractions. In most cases, the gel was a continuous
substrate that deformed, and the traction forceswere calculated by solving the inverse
problem of the elasticity theory [17, 18]. In other studies, a different approach was
adopted—an array of cantilever beams which was used as a discontinuous substrate
[19]. The cantilevers each bend when the cells apply forces, and traction forces were
calculated from the beam calibration for a pre-defined force-deflection relation. This
allowed calculation of traction forces applied by cells in one direction, but did not
allow localized measurements over the entire cell’s spreading area. To solve that,
recent studies have used pillar arrays where each pillar is a local strain gauge [17,
20]. By changing the material properties or length of these poly(dimethylsiloxane)
(PDMS) pillars, the stiffness of the array can be adjusted. The forces are thereby
measured in each direction and over the contact surface of the cell.

Both discrete PDMS pillars and continuous PAM gels are used for cell traction
measurements. A pillar-based approach allows rapid measurements with simple cal-
culations of the traction forces that cells apply. Thus, this method is often being used
to test drug effects on cells. However, the pillars restrict the area of cell adhesion
and may result in substantially different forces than on flat unconstrained substrates.
Accordingly, tractions measured on a continuous thick substrate can better describe
in vivo processes.
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3.1 Cell Traction Force Microscopy and Analysis

In this section we will focus on thick PAM gels to describe the different approaches
used for acquiring images and calculating traction forces from the displacement field
of the markers.

The different approaches for traction analysis share the same experimental setup
but differ in the displacement field and traction force calculations [1]. The PAM gel
is prepared by mixing acrylamide, bis-acrylamide and fluorescent beads. In some
studies thefluorescent beads are brought to the upper surface of the gel by centrifuging
the gels during the gelation process [17] or by reducing the polymerization rate and
turning the gel upside down [15]. The gels are then coated with a substrate such
as collagen type I to facilitate better adherence of the cells. The desired locations
are saved and photographs of the fluorescent beads are captured once with the cells
attached and a second time after trypsinization (where cells are removed) to have the
reference image of the beads location without traction forces.

After acquiring the images the displacements of the beads are calculated. There
are three main methods for calculating the displacements: The Dembo and Wang’s
(DW) method [15, 21], the Butler et al. method [18] and the Yang et al. method [22].

Using the DW method, displacements are calculated by defining a mesh for the
image with fluorescent beads without the cell I1 (i.e. the reference image). Each one
of the nodes N in this mesh is coupled with a point with the same coordinates on the
beads image with the cell I2. Then, a search area around this point in image I2 is
defined. Each pixel in this area centers a squared window and is correlated to a same
size window centered by the original node N in I1. The pixel that has the highest
cross-correlation values is considered the best match for the original node N and its
displacement is calculated.

According to the Butler et al. method, the correlation is achieved based on a small
window rather than pixels. Briefly, a window, typically of 64 × 64 pixels, moves
over image I1 and is correlated to the respective window in image I2. The coordinate
of the peak cross-correlation is determined as the displacement of the window center
in I1. For 0.2 μm beads, this specific window size was chosen to guarantee one
fluorescent marker in each window. However, when changing the beads size or the
magnification, the size of the window should be changed accordingly.

The Yang el al. method takes a different approach to find the displacements of
the beads. The first step there is to identify the beads by requiring them to occupy a
range of 4–8 pixels in the image. This is done by dividing the image into a window
of 16 × 16 pixels for averaging the contrasts. The next step is to turn the image into
a binary image where each pixel is assigned a value of 1 if its original value was
higher than the averaged local intensity of the window, and 0 otherwise. A cluster of
pixels that fell in the range of 4–8 pixels is deemed a bead. The matching between
the two images is performed as follows: the distance between two beads in the image
without the cell I1 is calculated. The same two coordinates are marked in the image
with the cell I2 and a circle with a predefined radius is drawn around them. All the
beads within the boundaries of one circle are connected to the beads in the second
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circle and the displacement is calculated. The displacement that satisfies the best
elongation and rotation criteria is chosen as a match for the original displacement in
image I1.

The traction forces are derived from the displacement values calculated from the
images of the beads. Each of the three aforementioned methods uses a different
approach to calculate the traction force. DW and Butler et al. rely on the Boussinesq
equation that assumes an infinite half-space substrate and gives the displacement
values generated by a point load without taking the gel thickness into consideration.
Yang et al. use a 3D finite element method for the displacement calculations.

Starting with the DW and Butler et al. methods, the relation between the displace-
ments and the forces applied can be obtained using the theory of elasticity [23], after
assuming zero body forces and an infinite half-space elastic substrate. The Green’s
functions G(x) that relate the traction t(x) to the displacements u(x) are calculated
through the Boussinesq solution. The above relation can be written as a convolution
integral:

u(x) =
∫

G
(
x, x ′)T (

x ′)dx ′ (1)

The DW method solves Eq. (1) in the real space. They start by marking the cell
boundaries and discretizing it using a mesh where the traction forces are assumed
to be applied. Due to the fact that the number of displacement values calculated
from the images is much larger than the number of traction forces that need to be
found, the inversion of Eq. (1) is not possible. For resolving this problem, initial
information about the expected tractions need to be estimated. This initial estimation
is implemented by the Tikhonov regularization method where a minimization of a
specific term will provide constrains that can be employed to Eq. (1) for solving it
[24].

The Butler et al. method solves Eq. (1) in a Fourier field where convolution
becomes a simple multiplication:

ũ(k) = G̃(k)T̃ (k) (2)

And the Green’s function is as follows:

G̃(k) = 2(1 + v)

Ek3

(
(1 − v)k2 + vk2y

−vkxky

−vkxky

(1 − v)k2 + vk2x

)
(3)

where k is the radial wave vector, ν is Poisson’s ratio, E is Young’s Modulus and
ũ, G̃, T̃ are the Fourier transforms of the displacement, and Green’s function and
traction force, respectively. For finding the traction forces from the displacement
field, one can multiply the displacements by the inverse Green’s function and apply
on the product a two dimensional inverse Fourier transform FT−1

2 :
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T̃ (k) = FT−1
2 (G̃(k)−1ũ(k)) (4)

Thismethod offers two approaches for traction force recovery: Unconstrained and
constrained methods. The unconstrained method does not require the confinement of
the forces to be within a pre-marked location. In this method, the displacements are
measured in all locations and the traction is calculated for each of the displacements.
This enables the measurement of traction forces when the cell boundaries are not
marked, such as in amonolayer traction analysis [25, 26].However, in the constrained
method the traction forces are confined within the marked cell boundaries. Thus, the
calculation of the traction forces requires iterations of the traction forces found in
the unconstrained method while setting the forces outside the boundaries to be zero.
New displacement values are calculated from the modified traction force map. These
values replace the measured displacement values and the unconstrained method is
again applied in the next iteration. These iterations are repeated until a convergence
is reached.

Yang et al. used a 3D finite elements method instead of the Boussinesq solution. In
this method a static equilibrium equation is defined and the substrate is meshed with
eight-node isoparametric brick elements. The static equilibrium equation relates the
displacement matrix at the nodes u to the force matrix at the nodes F by a stiffness
matrix K that contains the substrate characteristics as follows:

[K ][u] = [F] (5)

The forces in the nodes outside the cell boundaries are zero and the boundary
conditions at the bottom of the substrates are fixed. Substituting this information in
the above equation will allow the calculation of the nodal traction force using a finite
element software package.

The three methods mentioned above are widely used in measurements of cell
traction forces. The DW method differs from Butler et al. and Yang et al. primarily
in the assumption that the displacement data far from the cell boundaries are also
used for the traction measurements while the other methods set them to zero. The
justification for the Butler et al. and Yang et al. method is that the displacements
decays at a rate of 1/r away from the cell and its contribution to the traction field is
hence negligible.

4 Mechanical Properties of Mesenchymal and Committed
Cells

Mesenchymal stem cells (MSCs) are able to differentiate through a series of separate
and unique transitions into a variety of different phenotypes, such as bone, cartilage,
tendon, ligament, marrow stroma, fat, dermis, and muscle [27]. The MSCs are also
capable of migrating and aggregating to form a new structure or to repair existing
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structures. Rather than chemical signaling, MSCs are also affected by mechanical
signaling along their differentiation process. It was shown thatMSCs cultured on gels
with different elastic properties have committed to different cell lineages. Soft gel
matrices that mimic brain elasticity (elastic modulus of ~0.1–1 kPa) induced neural
behavior in human MSCs [28, 29]. On gels mimicking muscle stiffness (elastic
modulus of ~8–17 kPa), MSCs had a spindle shape morphology similar to that of
myoblasts [28] and these myoblasts formed myotubes with improved sarcomere
formation [30]. On much stiffer gels (i.e. elastic modulus of ~25–40 kPa), MSCs had
a polygonal shape similar in morphology to that of osteoblasts [28].

To understand the changes in forces applied by stem cells during their growth
and development from 2D into 3D colonies, Teo et al. [31] cultured murine embry-
onic stem cells (mESCs) on a 4200 Pa PAM gels. The mESCs transformed from
2D colonies into pluripotent 3D spheroids. During their growth, the traction forces
applied by the cells on the PAM substrate decreased. This work showed that during
3D proliferation, the cell-cell interactions of the mESCs became more important
than cell-substrate interaction. These cell-cell interactions seem to be essential for
the stabilization of the colony structure.

Fu et al. [32] characterized in their study responses of human mesenchymal stem
cells (hMSCs) to changes in the rigidity of substrates. They used PDMS microposts
with different post heights to change the substrate rigidity. Cells cultured on soft
microposts had a rounded morphology and disorganized actin filaments. On rigid
microposts the cells were well spread and showed highly organized actin stress
fibers. The Fu group also showed a strong correlation between traction forces and
cell spreading, that is, when cells spreaded more they applied higher traction forces
(with respect to rounded cells).

4.1 Traction Forces Exerted by Differentiating Adipocytes

Preadipocytes originate from stem cells and can become committed to the adipocyte
lineage and fulfill a fat storage capacity [33]. Typically, they have an elongated
spindle shape morphology which facilitates their proliferation andmigration. During
the differentiation to adipocytes, their morphology becomes rounded which enables
a more efficient packaging of triglycerides within the cytoplasm. This change in
morphology requires a change in the organization of cytoskeletal components. The
organization of the cytoskeleton is responsible for changes in the forces exerted by
the differentiating cells on their substrate.

Abuhattum et al. [17] recently evaluated the changes inmorphology and the forces
applied on an elastic gel substrate by preadipocytes during their differentiation pro-
cess.Mouse embryonic 3T3-L1preadipocyteswere used and their differentiationwas
biochemically induced as described in previous work [34]. Single cells were cultured
for 24 hours prior to traction force measurements on 2440 Pa collagen-coated PAM
gels containing 0.2μmfluorescence beads in their upper surface (Fig. 1a). Images for
the cell and for the fluorescence beads were acquired. The cells were then removed
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Fig. 1 Force tractionmicroscopy of differentiating adipocytes: a a cell attached to a polyacrylamide
gel substrate applies forces on the gel, which cause displacements of fluorescent beads under the
surface of the gel. b An optical microscopy image of a preadipocyte, fibroblast-like cell (left) and
the corresponding fluorescent image of the beads in the gel (right). c Amicroscopy image of a more
mature adipocyte, where intracellular lipid droplets can be identified (left), and a corresponding
fluorescent image of the beads in the gel. d The matching set of images after trypsinization which
detaches the cells from the gel. e Strain and stress maps for the aforementioned preadipocyte.
f Strain and stress maps for the aforementioned differentiating adipocyte

using trypsin to obtain a reference image of the gel without the traction forces that
the cells applied (Fig. 1d). The displacement of the beads were calculated using a
custom-made MATLAB algorithm based on the Butler el al. method which has been
described previously [18], with window size of 32 × 32 to fit this specific experi-
mental system. Strain and stress maps were obtained correspondingly, as depicted in
Fig. 1.
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5 Summary

This chapter reviewed the traction force microscopy method which is used to mea-
sure forces applied by cells on substrates under different culture conditions with
a focus on forces applied by adipocytes during differentiation. Different relevant
mathematical and computational theories for traction measurement were reviewed
here, and were compared based on pros and cons, and implementations in various
experimental setups. Furthermore, we summarized the literature with regard to the
effects of variations in the mechanical environment on the commitment and differ-
entiation of mesenchymal stem cells, as relevant to traction force microscopy work.
We concluded by focusing on one example application, where we describe changes
in the mechanical forces applied by preadipocytes onto a soft PAM gel substrate
during their differentiation.
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Adaptive Multi-resolution Volumetric
Modeling of Bone Micro-structure

Yizhak Ben-Shabat and Anath Fischer

Abstract The emerging field of additive manufacturing with bio-compatible mate-
rials has led to personalized design of porous micro-structures used in healthcare.
Complex micro-structures are characterized by freeform surfaces and spatially vary-
ing porosity. Currently, there is no CAD system that can handle the design of micro-
structures due to their high complexity. This paper describes a direct expansion of our
research on reconstructing 3D adaptive models of porous micro-structures. Using
this approach, a designer can either manually select a Region of Interest (ROI), or
define a curvature based criterion for selecting ROI while defining its level of detail.
In the proposed approach, the multi-resolution volumetric model is based on design-
ing a customized model, composed of the following stages (a) Reconstructing a
multi-resolution volumetric model of a porous structure; (b) Defining ROIs and their
resolution properties; and (c) Constructing an adaptive model. The feasibility of the
proposed method is demonstrated on 3D models of porous micro-structures. These
models are characterized by a large amount of detail and geometrical complexity.
The proposed method has been applied on bone models that were reconstructed from
micro-CT images. The proposed approach facilitates the porous characteristic and
enables local reduction of the model complexity while optimizing the accuracy. For
additive manufacturing application, the approach can be used for designing a porous
micro-structure while reducingmaterial volume and eliminating irrelevant geometric
features.

Keywords Bone micro-structure ·Multi-resolution · Adaptive volumetric
modeling
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1 Introduction

Multi-resolution volumetric modeling is applied in a variety of fields, including
additive manufacturing, computer vision, virtual reality, finite element analysis and
CAD. In recent years the significance of multi-resolution modeling has increased
due to the ability of creating highly detailed models. It improves the effectiveness
of computation, transmission, storage and visualization of the geometric model.
Visualizing a high resolution model is time consuming and requires high computer
resources. In order to cope with this challenge an adaptive method is required. Such
method enables to select Regions of Interest (ROI) with desired resolutions. In this
manner an artificial fusion between different resolutions is generated.

Volumetric hierarchical representations allow a bi-directional transition from a
macro- to micro-resolution models using levels of detail (LOD). The most com-
mon hierarchical multi-resolution data structures for 2D images and 3D volumes are
Quadtree and Octree, respectively. Their main principle is the recursive decomposi-
tion of space by a factor of two for each axis [1, 2]. These data structures are also
compatible for methods which generate adaptive multi-resolution models with ROIs,
which can be defined either manual or based on geometric properties.

In the field of computer graphics and CAD, the geometrical characteristics of
surfaces play an important role in many applications such as: feature extraction and
contouring. Curvature is one of the most important surface characteristic. For con-
tinuous representation of parameterized surfaces the challenge of deriving shape
characteristics can be expressed in a closed form formula of differential geometry.
However, for discrete surfaces, represented as volumetric voxel model or by a trian-
gular mesh, an approximation is applied. For volumetric voxel models, to the best
of our knowledge, there is no direct method that approximates the voxel curvature.
Therefore, in order to calculate the curvature of a discrete voxel volumetric model,
first the underlying surface must be approximated.

The goal of this work is to develop a new CAD method for the design of porous
micro-structures as a module of a larger system for bone diagnosis and implant
scaffold design. This proposed system is illustrated in Fig. 1 and consists of the
following stages:

a. High resolution medical imaging—acquiring the bone input geometry.
b. Image segmentation—differentiating between bone and background segments.
c. 3D model reconstruction—from 2D images into a 3D volumetric model.
d. Multi-scale finite element analysis (FEA)—analysing the stress and strain

regimes on the bone.
e. Micro-scale scaffold design—designing a patient specific custom scaffold

according to the geometry and FEA.
f. Diagnosis/Treatment assessment—based on the collected data from previous

stages a medical treatment plan may be assessed.
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Fig. 1 Computerized system for design and diagnostic of bones [3]

2 Approach

The approach is composed of four main stages:

• CT image processing
• Multi resolution model construction
• Region of interest selection
• Adaptive model construction

Following is a detailed description of each stage:

a. InputProcessing—In thisworkweuse theQuadtree andOctree data structures for
the representation of 2D images and 3D volumes [1, 2, 4]. These data structures
are based on nodes and their connectivity relations and facilitate the hierarchical
nature of multi-resolution models.

b. Multi resolution model construction—this stage is based on two options:

1. No topological preservation method—B/W color check is performed and the
lower LODs are constructed only according to B/W color information.

2. Topological preservation method—An extension was made for the 2D topo-
logical preservationmethod proposed by Jia et al. [5] to 3Dvolumetricmodels
of voxels in a similar manner as Whalen [6].
The topological preservation method consists of two steps:
i. A connectivity test of the neighbouring nodes for the B/W elements and

its relation to the original connectivity of the node.
ii. A B/W color test of the neighbouring nodes.
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Fig. 2 Block diagram of the
proposed approach

c. Region of interest (ROI) selection—this stage is based on one of two selection
options:

1. Manual selection—The user defines location, geometry and LOD.
2. Curvature criteria selection—the location of the LOD is determined by the

curvature properties of the underlying surface and the geometry and LOD.

d. Adaptive model construction—the information from the previous stages is com-
bined and visualized as an adaptive model which contains the different, prede-
fined, LODs in a single model.

The method was applied on 2D images and 3D volumes of porous micro-
structures. A visual and quantitative comparison of the resulting models was con-
ducted. A block diagram of the approach is depicted in Fig. 2.

3 Implementation

In this research the representation method for Quadtree and Octree proposed by
Gargantini [4] was used. The highest LOD was stored in the tree leaves and the
lowest LOD was stored the root of the tree. The different tree levels were generated
in a bottom-up manner; therefore every consequent level is generated according to
its children.

The result of this method is a structure, fromwhich the path to each node along the
hierarchy can be extracted. The hierarchical nature of the tree structure is based on an
explicit representation of hierarchical levels of detail. An extension of Podshivalov
et al. approach [3, 7, 8] was made, generating the hierarchical structure in a bottom-
up approach and storing each level of detail separately. A mask field was introduced
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for each node and was populated after selecting a region of interest (ROI). The Area
of Interest (AOI) was defined in an image, while the Volume of Interest (VOI) was
defined in a volumetric model. The mask was populated only for nodes that are
inside the ROI. The mask represents the LOD for each node. This mask enables the
visualization of nodes from multiple levels according to the ROI.

There are some cases in which an ROI is selected only for a subset of the children
of a given ancestor. In this case the ROI does not explicitly define an LOD for these
nodes. The proposed method ensures that the LOD is defined implicitly for these
nodes as the maximum allowed LOD.

Figure 3 shows an example of the mask preservation in the matrix form (a–d) and
in tree data structure form (e) on a 2D image: Fig. 3a represents the initial 8 × 8
image i.e. the highest LOD and an AOI selection in the shape of a square of size
2 × 2 in the bottom center (marked in red). The LOD inside the square is defined
to be 1. Figure 3b–d represents the masks of LODs 2, 3, 4, respectively. Figure 3e
demonstrates a graphical representation of the tree data structure of the AOI selection
marked in red and the mask field across the different levels. It can be seen in each
level that a subset of children nodes does not include the ROI, however it still effects
their value.

The approach is not limited by the geometry or the LODdistribution of the ROI. In
previous work [9] four manual, user defined ROIs, were introduced: (a) rectangular
AOI with a constant LOD; (b) circular AOI with a linear change of LOD between
center and circumference; (c) cuboid VOI with constant LOD; and (d) spherical VOI
with linear change of LOD between center and bounding surface. In another work
[10], an ROI selection criteria based on surface curvature was proposed. To the best

Fig. 3 Mask values in matrix and Quadtree form. a Mask field of level 1—highest level and AOI
marked in red; b–dmask field of matrix levels 2–4 respectively, and emask field values in Quadtree
structure form with AOI marked in red (Color figure online)
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of our knowledge, there is no direct method to approximate the voxel curvature for
volumetric voxel models. Therefore, in order to approximate the curvature, first the
underlying surface is approximated. The “marching cubes” algorithm [11] was used
for approximating the underlying surface as a triangular mesh. A fairing algorithm
[12] was then used to smooth the stair like affect createdwhen approximating the vol-
umetric representation as a trianglemesh. Finally, Rusinkiewicz curvature estimating
algorithm [13] was used to retrieve the curvature tensor and principal curvature in
each vertex. The curvature based ROI selection criterion is applied on each voxel.
Visualization of the principal curvatures is performed using a color coding scheme.
For each vertex in the mesh, the principal curvatures k1 and k2 were examined.

The calculation of levels of detail requires conversions and manipulations of the
data in order to preserve topological information. The 2D and 3D space was defined
according to definition 2.1 given by Kong [14], who describes the adjacency for
elements which are full and elements which are empty in order to prevent topological
paradoxes. The topological preservation process uses the image shrinking algorithm
described by Jia et al. [5]. The algorithm examines the effect of changing a node’s
B/W color on the connectivity of its surrounding node neighbours. Fundamentally,
this introduces an additional B/W color constraint in images and volume constraint
for 3D models when traversing from a higher resolution to a lower one. Finally, the
processed model undergoes through a visualization stage where hexahedral faces are
drawn on a 2D plane or in a 3D space. The size of the faces is determined by its LOD
parameters. This process results in an adaptive model.

4 Examples and Discussion

4.1 2D Examples—Adaptive Models

In Fig. 4 the 2D result models of the approach using manual selection is presented.
Figure 4a–e depicts a synthetic 2D equivalent for a porous microstructure in the form
of uniformly distributed circular holes in a 128× 128 image. The AOI is marked by
a circle of 64 pixels radius placed in the image center. The AOI properties are defined
to be the maximum resolution in the center of the circle and change linearly to the
minimum resolution on the circles circumference. The final model contains 8 LODs.
However only LODs 1–5 are presented since levels 6–8 are redundant. Figure 4f
presents the image fourth LOD without the AOI for reference. Note that black pixels
represent the presence of material and white pixels represent its absence.

Figure 5a–f depicts a 128 × 128 2D multi-resolution model of a bone section
micro-structure. In this example a rectangular AOI was defined by the user around a
specific cavity. The resolution inside the AOI was defined to be constant. Therefore
a change was observed inside the AOI between (a) and (b) (levels one and two)
however no change inside the AOI between (b) and (f). Outside the AOI, the change
in resolution is evident. This model has 8 levels of detail, only 6 are presented since
levels 6–8 are redundant.
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Fig. 4 Adaptive model of 128 × 128 images with a circular linearly varying AOI. a Level one
(input model), b–e levels two to five respectively, f level four of the same input without AOI for
reference (Color figure online)

Fig. 5 Adaptive model of bone section microstructure with rectangular AOI. a Level one (input
model), and b–f levels two to six respectively (Color figure online)
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4.2 3D Examples—Bone Fragment Extraction

In the following example, a fragment of a µCT slice of L3 vertebra model was
used. The extraction of the fragment was performed by overlaying a 12 × 10 grid
over the entire model. Each grid element is a 1283 cube of voxel data which was
processed separately. The extraction of these cubes was performed for computational
speed andmemory consumption reasons. Note that the entire original high resolution
vertebra model requires approximately 1 GB of memory only for its volumetric
representation. Furthermore, a database for computational applications will require
much more memory, for example, in finite element analysis the memory increases as
a function of the problems degrees of freedom for each node. In Fig. 6 the extraction
process is illustrated.

Fig. 6 Extraction of a 1283 cube from a slice of L3 vertebra
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Fig. 7 Multi-resolution model of 1283 µCT image, L3 vertebra volume segment. a–g Levels of
detail 1–7 respectively

4.3 3D Examples—Multi-resolution Models

The bone fragment from the previous section was used to generate a hierarchical
multi-resolution model according to the original high-resolution model. Figure 7a
depicts the original high-resolution bone fragment, Fig. 7b–g depict LODs 2–7
respectively.

4.4 3D Examples—Curvature Analysis

Visualization of the curvature analysis was performed using a color map for each
vertex. Each vertex color is determined by a linear interpolation between nine pairs
of control values. These control values correspond to all possible combinations,
positive, zero and negative, of k1 and k2. The result of the interpolation is depicted
in Fig. 8. The color coding scheme was chosen this way in an effort to represent both
principal curvatures in a single color map.
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Fig. 8 Principal curvature color coding scheme of the proposed method (Color figure online)

Fig. 9 Color coded curvature analysis of a bone fragment micro structure. Left—bone fragment,
right—enlarged area with visible triangle mesh (Color figure online)

The principal curvatures of the extracted high-resolution bone fragment model
were estimated. Figure 9 depict the results of the curvature analysiswhichwas applied
on a bone fragment micro structure. Figure 10 provides a zoomed in detailed view
on some ROIs such as valleys (indicated in blue), ridges (indicated in red) and holes
(indicated in green).
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Fig. 10 Curvature analysis color coded ROIs. a local hole; b local ridge, and c local valley (Color
figure online)

4.5 Topological Preservation

In the case of 2D images a synthetic image that mimics the characteristics of a slice of
a porous micro-structure was manually generated in order to explore the topological
preservation method effect. This image is essentially a 1282 black image with white
circles distributed on a grid. The diameter of the circles and the spacing between them
were chosen arbitrarily and represent the porosity (white holes). Figure 11a depicts
the original image and themulti resolution image with topological preservation (b–e)
and without it (f–i). It is evident that without the topological preservationmethod, the
holes grow larger as the LOD decreases until eventually a completely white image is
reached. On the other hand, when imposing the topological preservation method, the
white circles gradually shrinks until eventually a completely black image is reached.
Note that there is no change in the last three LODs and they are not presented because
they are redundant. Quantitatively, the topologically preserved model maintains a
single connected component throughout all of its LODs while the non-preserving
model maintains a single connected component until LOD 3 is reached. In level 4 it
has twenty five connected components and in level 6 none.

Fig. 11 A1282 imagewith circular holes. a original image (highest LOD);b–eLOD2–5with topo-
logical preservation—black connectivity preserved, and f–i LOD 2–5 without topological preser-
vation—black connectivity not preserved (Color figure online)
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Fig. 12 Cube wireframemodel. aOriginal model. b Lower LODwithout topological preservation.
c Lower LOD with topological preservation

The main effect of topological preservation on a 3D model is depicted in Fig. 12
which show an original model of a wireframe cube.Without topological preservation
the wire frame cube model changes significantly, it generates eight connected com-
ponents instead of the initial one. When using the topological preservation method
there is only one connected component, yet the frame thickness increases.

Finally, the approach was applied on a bone fragment porous micro-structure. The
effect of the topological preservation method on LODs 2–5 is depicted in Fig. 13.
Since it is visually difficult to distinguish between the different connected compo-
nents, they were colored differently. It is evident that when utilizing the topological
preservation method there are significantly less components that disconnected from
the main component.
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Fig. 13 1283 Bone porous micro-structure. a Original model b–e LODs; 2–5 without topological
preservation, and f–i LODs 2–5 with topological preservation (Color figure online)
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Fig. 13 (continued)

A quantitative comparison of the connected components created using the two
methods is presented in Fig. 14. The value for each LOD is the average and standard
deviation over 20 different bone fragments. Both datasets converge to a single con-
nected component in the lowest LOD. However, there is a significant difference (in
95% certainty) in LODs 3–5, indicating that when the topology is not preserved, a
large amount of components get separated from the main component.

Furthermore, an analysis was performed for the volumetric error between the
original model and each LOD. The error was subdivided into two main components:

a. Black error (errorBlack)—The relative portion of elements which were black in
the original model and transformed to white in a lower LOD in relation to the
entire volume.
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Fig. 14 Quantitative comparison of the normalized average number of connected components rela-
tive to the level of detail when using topological preservation method (TP) and not using topological
preservation method (NTP). 20 bone fragments were used

b. White error (errorWhite)—The relative portion elements which were white in the
original model and transformed to black in a lower LOD in relation to the entire
volume.

The black error and white error components were given penalty weights PBlack,
PWhite respectively. The error calculation formula is given in (1).

er ror = PBlack · er ror Black + PWhi te · er rorWhi te (1)

Penalty values were initially set to be PBlack = PWhite = 1. The average and
standard deviation results for the case of no topological preservation (NTP) and with
topological preservation (TP) are presented in Fig. 15. The topological preservation
method demonstrates larger errors starting at the fourth LOD. This is due to the
constraint which prefers the formation of new bonds and the creation of material over
the separation of connected components. However, statistically these two datasets
are not significantly different. In order to avoid this misleading result the penalty
values were set to be PBlack = 1, PWhite = 0, making it acceptable if an element
turned from white to black from the original model to a lower LOD. Results for this
case are depicted in Fig. 16. It is evident that the error for all LODs is either equal or
lower for both methods. Statistical analysis concludes that LODs 4, 5 and 6 of the
two methods are significantly different in 95% certainty level.

In conclusion of the statistical analysis, when utilizing topological preservation
methods there were less disconnected components and lower volumetric error.
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Fig. 15 Error comparison between non-topological preserved model (NTP) and a topological pre-
served model (TP) for PBlack = PWhite = 1

Fig. 16 Error comparison between non-topological preserved model (NTP) and a topological pre-
served model (TP) for PBlack = 1, PWhite = 0

4.6 3D Examples—Adaptive Models

The bone fragment was subjected to a VOI selection. The VOI was a sphere located
at the top center of the fragment with a diameter equal to the fragment width. The
level of detail inside the VOI was chosen to be the highest possible. In similarity
to the previous 2D example, the approach yields a unified visualization of the high
LOD inside the VOI (red small voxels) and low LOD outside the VOI (color gradient
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Fig. 17 Adaptivemodel of 1283 µCT images, L3 vertebra volume segment with spherical, constant
resolution VOI (Color figure online)

from red to blue voxels). In other words it is evident in Fig. 17 that inside the VOI,
all of the geometry is maintained while on the exterior information is reduced.

In addition an adaptive model was also generated after a VOI was selected based
on a curvature criterion. Here the selection criterion was chosen to be a high value of
normal curvature. In order to distinguish between different areas of high curvature,
non-maximal suppression was used to find local maximum values. Potential ROIs
were selected to be the ten vertices with the highest normal curvature with radius
of 15% of the model size. The potential ROIs are depicted in Fig. 18, the spheres
are semi-transparent and their color corresponds to their curvature value (red is the
highest and blue the lowest of the ten). Note that here only some of the spheres are
visible because of the point of view.

The bottom center ROI was arbitrarily chosen. The LOD in it was defined to be
the maximal inside and minimal outside. The result is depicted in Fig. 19. It can be
seen that the local rod feature which includes a ridge that generated the high normal
curvature is fully preserved while the rest of the model is coarsely approximated. The
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Fig. 18 Bone fragment porous structure with color coded curvature values and potential spherical
ROIs based on normal curvature values (Color figure online)

color coding here represents the LOD of the elements—red elements are from the
highest LOD and blue elements are from the lowest LOD, all other elements color
is a linear interpolation between the red and blue.

5 Summary and Conclusions

An adaptive multi-resolution method for hierarchical volumetric models has been
presented. The adaptive model is represented by octree. The hierarchical structure
was generated and represented in a multi-resolution data structure. The adaptive
model was constructed with a mask field. Regions of interest were defined by cur-
vature characteristic and parameters of geometric elements for different LODs.

One of the main advantages of the presented approach is that it enables control
over levels of detail for volumetricmodels and is not limited to a single level. Further-
more, in this paper a few types of ROIs were presented. However, the approach can
accommodate for any ROI requirement. There are a few limitations to the approach.
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Fig. 19 Porous
micro-structure adaptive
model for curvature based
ROI selection criterion
(Color figure online)

The first is the dependency of the resultedmodel in the initial orientation of themodel,
meaning that the same object in different orientations will have different results due
to the traversal order on the data structure. In addition, even though a topological
preservation method is implemented, there are cases in which the topology will not
be completely preserved.
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Low Temperature 3D Printing of Drug
Loaded Bioceramic Scaffolds
and Implants

Susanne Meininger, Elke Vorndran, Miguel Castilho, Paulo Rui Fernandes
and Uwe Gbureck

Abstract 3D powder printing (3DP) enables the fabrication of porous scaffolds
with anisotropic aligned pores for bone tissue engineering and for the fabrication
of custom made implants for cranio-maxillofacial surgery. By combining 3D print-
ing and self-setting biocement matrices, a low temperature processing chain can
be established for a simultaneous spatial control over both structure geometry and
composition by using multi-colour printers. This contribution aims to highlight bio-
ceramicmaterial approaches in order to fabricate scaffolds and implants by 3DPwith
a special emphasis on the drug modification of such structures.

Keywords Bioceramics · 3D powder printing · Multi-colour printing · Bone
implants · Drug delivery systems · Bone regeneration
1 Introduction

Additive manufacturing (AM) techniques are considered to be suitable methods to
produce tissue replacement materials with a complex internal or external structure
based on prefabricated structure designs or patient specific computer tomography
data [1, 2]. The underlying principle of AM is a layerwise fabrication of near net
shape structures by spatial control of material bonding with methods such as stere-
olithography [3], fused deposition modelling [4], 3D powder printing [5–10], 3D
plotting [11, 12], melt electrospinning writing (MEW) [13, 14] or selective laser
sintering [15]. Such generated structures may either directly serve as patient spe-
cific implants (PSI) or they can be used as porous scaffolds with aligned pores for
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guided tissue ingrowth. Materials processed by AM cover a broad range from pure
metals [16], polymers [17], ceramics [18] or composites [19, 20], whereas every AM
method requires specific material properties for processing.

A major application site for PSI prepared by AM are large sized bone defects pre-
dominantly in the cranio-maxillofacial area [21]. Bone is a highly hierarchical and
slowly growing tissue with only a limited self-healing capacity, whereas in humans
defects above a critical size of approximately 10 mm show no bony regeneration but
the ingrowth of fibrous tissue [22]. Here, it is essential that the scaffold simulates
natural bone tissue growth by providing adequate composition, morphology, struc-
ture, and mechanical properties. According to Karageorgiou et al. the main criteria
for this purpose are sufficient mechanical strength within the range of cancellous
bone as well as a highly interconnected porosity of at least 50% with pore sizes
between 100 and 800 μm, whereas pore characteristics (size, interconnectivity) are
predominant parameters for nutrient exchange and cell ingrowth [23]. Since bone is
a highly mineralized tissue with approx. 70 wt% hydroxyapatite as inorganic com-
ponent, manufacturing approaches for bone scaffolds and implants usually comprise
calcium phosphate compounds (e.g. hydroxyapatite, tricalcium phosphate, brushite)
to mimic the bone ionic composition. Scaffold preparation either involves the fabri-
cation of a green ceramic structure by the aid of polymeric binders, which are burnt
out afterwards, or low temperature self-setting cement powder and pastes can be
applied to avoid sintering and to produce hydrated calcium phosphate phases [6, 9,
17]. The latter is only possible by using non-thermal AM procedures (e.g. 3D plot-
ting or printing), whereas the absence of heat enables the simultaneous deposition
of drugs [24] or even living cells [25] within the scaffold.

This contribution aims to highlight material approaches to fabricate bioceramic
scaffolds and implants by 3D printing with a special emphasis on the drug modifica-
tion of such structures. The 3D powder printing technology enables the fabrication
of porous scaffolds with anisotropically aligned pores in the sub millimeter range
and has gained increasing attention for the fabrication of scaffolds for bone tissue
engineering and custom made implants for cranio-maxillofacial surgery. Since 3D
printing is a low temperature procedure it enables in addition a simultaneous spatial
control over both structure geometry and composition by using multi-colour printers
in conjunction with low temperature self-setting ceramic matrices.

2 3D Printing Technology

3D powder printing (3DP) is an attractive technology due to its rapid and inexpensive
model making ability in technical or medical applications, e.g. for the fabrication
of casting moulds [26] or biodegradable and osteoactive implants [10, 27–31]. The
3D powder printing technique forms a 3-dimensional structure based on thin powder
layers and a binding agent, which is locally sprayed onto the powder leading to a
localised solidification of the powder particles [32, 33]. The solidification process can
be either induced by a physical mechanism (e.g. organic liquid, swelling or partial
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dissolution of polymeric additives, phase changes) or by a chemical reaction (e.g.
hydraulic cement setting, acid-base reaction). A detailed description of the different
hardening possibilities during 3DP can be found in literature [34]. Although the
reactive binding component is often distributed in the powder and the printing liquid
only starts the binding process, the printing liquid will be denominated as “binder”
within this article.

The general underlying principle of 3DP is demonstrated in Fig. 1a. In a first step,
a thin and smooth layer of powder is prepared in the building chamber by a counter-
clockwise rotating roller transferring powder from the reservoir to the printing bed
in a defined layer thickness. Secondly, the print head locally sprays the binder on the
powder surface such that the first layer of the implant structure is printed surrounded
by unreacted powder. After this the roller moves back, the powder reservoir lifts up
by the thickness of one layer and the rollermoves another powder layer to the printing
bedwhich is at the same time loweredbyone layer thickness. The secondprinted layer
of the structure is created on top of thefirst one andboth layers stick together by binder
diffusion due to capillary forces of the powder bed. This process repeats until all of
the layers of the sample are printed. The samples are then removed from the printing
bed and cleaned from residual unreacted powder. Cleaning is commonly performed
by blowing air, whereas the surface finish of the printed part can be improved by
vibration with the addition of smaller particles. While cleaning of the outer surface is
relatively easy, the removal of loose powder particles from the inner part (e.g. small
pores <500 μm intended for blood vessel ingrowth) is much more demanding and
may require additionally wet methods such as ultrasonication or microwave assisted
boiling of the sample [35]. However, these procedures are only possible in liquids
which do not dissolve the binder to avoid mechanical disintegration of the printed
sample. An approach for an improved depowdering of porous implants suggested by
Butscher et al. [36] is based on the design of an outer cage with windows, which are
large enough to enable depowdering, but at the same time can trap loosely bound (3D
printed) filler particles in the inside of the implant. Since the initial strength of the
printed parts is in most cases relatively low, a post-processing regime is commonly
applied to increase strength, e.g. by polymer infiltration [37], repeated immersion in
binder liquid for hydraulic setting systems [9] or sintering [38]. Generally, it has to
be taken into account that the 3DP process is an anisotropic manufacturing process
due to the layer wise preparation of thin powder layers by a roller. This means that
the final size of the printed structure may also show an anisotropic deviation from the
theoretical values and this also applies for other properties such as the mechanical
strength [39, 40].

Commercially available 3D powder printing systems (e.g. Z-Corp systems) com-
monly use thermally working drop-on-demand print-heads (Fig. 1b, c), in which
the binder droplets (approx. 30 picoliter in volume [41]) are created in thin nozzles
and ejected by a steam bubble formed by thermal evaporation of the binder liquid.
Such thermal print heads are comparatively cheap, but problems may occur if either
the binding liquid dries within the nozzles or solids are precipitated during binder
evaporation, both leading to a clogging of the nozzles and hence a reduction of print
head life time and printing quality. An alternative is the use of piezoelectric print
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Fig. 1 a Fabrication steps for additive manufacturing of a sample by 3D printing. 1–2: a roller
transfers a thin powder layer to the building room, 3: localised application of binder liquid leads to
spatially controlled hardening of the powder. 4: repetition of 1–3 results in the fusion of the printed
layers and the formation of a three dimensional object. b Thermally working print-head, which
ejects droplets through a nozzle by binder evaporation. c Left: commercially available print-head
(used in ZCorp Printers), middle: SEM of print-head nozzles, right: single parts of the print-head

heads, which form the binder drops by the sudden volume change of a piezoelectric
material, which causes an acoustic pulse and hence forms an ink-droplet in the nozzle
[42].

Printing systems are nowadays available from various companies enabling the
fabrication of samples spanning from the millimeter to the meter range [43]. Worth
to note is, that all commercial 3D powder printers (including materials) up to now
are designed for civil engineering purpose, their use in biomedical engineering is
sometimes difficult due to the special requirements (e.g. cleaning, sterilization etc.)
of this field. Similar, most of the commercially available print heads for 3DP systems
stem from ordinary ink jet printers and are hence filled with ink, which has to be
carefully removed prior to use. Even small ink residueswithin the print headmay also
lead to clogging of the nozzles when using experimental binder liquids, in addition
any ink contamination of the fabricated samples may have a detrimental effect on
the biocompatibility.
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3 Material Approaches to 3D Powder Printing of Ceramic
Bone Scaffolds

3D powder printed samples are characterized by a high microporosity >30 vol.%,
which is a result from the voids between the loosely packed powder particles during
the fabrication process. This microporosity is beneficial since it enables nutrients
diffusion to support cell ingrowth and vascularization into larger sized macropores
with sizes of a few 100 μm [20, 44]. Many recent studies have dealt with the adap-
tion of the 3D printing process to the fabrication of bone substitutes from calcium
phosphate based powders such as hydroxyapatite (HA) [45, 46], ß-tricalcium phos-
phate (β-TCP) [47, 48], biphasicHA/β-TCPmixtures (BCP) [49, 50], β-TCP/calcium
pyrophosphate ceramics [51], calcium polyphosphates [52] or brushite [9]. Most of
the investigated material systems require a final sintering step for binder burn out
and densification of the ceramic. This usually results in the formation of a micro-
crystalline texture and—in case of hydroxyapatite—practically insoluble implants.
Direct printing of more soluble nanocrystalline hydroxyapatite (HA) similar to the
mineral phase of bone (e.g. by a cement setting reaction to avoid sintering) is difficult
and would require the use of polymeric additives to control liquid binder localisation
over a long time period. The reason for this is the low crystal growth rate of HA
leading to a low reactivity between solid and liquid during printing. Preferably, 3D
printing of nanoscale HA samples is performed in a two-step regime, in which first
the sample is fabricated using a fast setting reaction (e.g. brushite formation or use
of calcium sulphate powders), followed by a hydrothermal treatment of the finished
part to transform it into HA without change of size and shape [8, 27, 30].

A general requirement for powders used for 3D printing is a sufficient flowability
to form thin powder layers with a smooth surface to obtain high printing quality.
This property is associated with the particle size distribution of the powder. It has
been demonstrated that ideal particle sizes for 3D powder printing are in the range
of 15–35 μm [7, 53, 54]. Larger particles in the size range of the individual powder
layer thickness (80–150 μm) may interfere with printing quality similar to small
particle fractions <5 μm, which build up large sized agglomerates in the millimeter
range. An approach to improve the powder flowability and hence the quality of the
powder surface is based on a plasma coating of the particles with SiOx nanoparticles
as demonstrated by Butscher et al. [7]. These nanoparticles act as spacer between
the larger size powder particles and hence reduce attractive van der Waals forces.
The printing quality can also be increased by a controlled humidification of the
powder surface prior to printing. This is thought to stabilize the loosely packed
particles to avoid movement of the particle layer (and hence the printed sample)
during recoating with the next powder layer. Indeed, it was demonstrated that for
a low layer thickness of 44 μm, applied moisture had a strong positive effect on
geometrical sample accuracy, especially when only a small number of samples was
simultaneously printed [5].

Since the binder liquid is sprayed onto a porous powder bed, also a rapid hard-
ening reaction is necessary to reduce uncontrolled binder spreading due to capillary
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forces and to ensure high printing quality. Such hardening reactions can be based
on different mechanisms as described above, whereas cement setting reaction offer
the advantage of a low temperature processing regime to produce hydrated ceramics
(e.g. brushite) and to simultaneously deposit organic drugs within the printed matrix.
Suitable biocements are based on reactive calcium phosphate powders (e.g. TTCP or
α-TCP), which react during printing with acidic phosphate solutions to form amatrix
of secondary calcium phosphates in a fast dissolution—precipitation reaction:

Ca3(PO4)2 + H3PO4 + 6H2O → 3CaHPO4·2H2O

The high reactivity leads to a rapid setting and solidification within seconds and
mostly prevents undesired binder spreading such that macropores down to a size of
approx. 300–400 μm can be printed within a structure (Fig. 2). Since the degree
of conversion during printing is small, commonly a post-hardening regime by short
immersion cycles in binder liquid are applied to increase both the amount of brushite
formed in the sample as well as the mechanical performance. Following this, com-
pressive strength of up to 22MPa can be obtained [9]. An alternative setting reaction
was recently described byMandal et al. [55], who used diluted phytic acid solution as
binder liquid, which formed calcium chelates with tetracalcium phosphate powder
during 3D printing. This approach was beneficial since the printed structured did
not convert into low soluble hydroxyapatite during prolonged immersion in physio-
logical solution. The strength of 3D printed samples can be generally increased by
polymer impregnation, which can be either performed during the printing process or
post printing [56].

3D printed calcium phosphate structures were demonstrated to have an excellent
biocompatibility both under in vitro [53, 57] and in vivo conditions [20, 58–61].
Klammert et al. could prove the biocompatibility of printed brushite/monetite scaf-
folds in an osteoblastic cell culture model [57] with an application in bone replace-
ment by printing highly accurate craniofacial implants [21]. The biocompatibility
and osteoconductivity of such printed implants was confirmed in vivo by Habibovic
et al. after implantation in bone in a sheep model [58]. Surprisingly, the same authors
were also able to demonstrate that the materials were at the same time osteoinduc-
tive leading to the formation of bone after intramuscular implantation. Cell-biological
aspects of 3D printed implant resorption were investigated by Detsch et al. [53] by
seeding the macrophage cell line RAW 264.7 on 3D printed HA, β-TCP and BCP
surfaces. All such materials promoted the differentiation of macrophage precursor
cells into bone-resorbing osteoclast-like cells, whereas a 60:40 mixture of HA and
β-TCP showed the most promising results regarding cell growth, differentiation and
hence material degradation. The latter can also be adjusted by post-processing of
3D printed samples, e.g. by autoclaving brushite to form monetite (CaHPO4). Mon-
etite ceramics show an enhanced in vivo degradation profile [9, 62], likely because
of the absence of a phase transformation into a lower soluble HA phase in vivo. A
veterinary application of 3D printed brushite samples was investigated by Castilho
et al. [63], who fabricated a customized calcium phosphate implant (composed of
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Fig. 2 a, b Examples of 3D printed macroporous brushite samples, c X-ray micrograph of a
branched pore system in a sample and dmicrostructure of the samples after 3× 30 s post hardening
in 20% phosphoric acid

brushite, monetite and tricalcium phosphate) for canine cruciate ligament treatment
by tibial tuberosity advancement in dogs (Fig. 3).

The implant was designed using a suitable topology optimization methodology in
order to maximize permeability due to an overall porosity of 59.2%. The latter was
achieved by the combination of process-immanent microporosity of approximately
40% and a designed interconnectedmacroporous networkwith pore sizes of 845μm.
The mechanical properties of such printed implants were in the range of trabecular
bone enabling complete restoration of the dog’s limb function without any adverse
complications.

4 Drug Modification of 3D Printed Implants

Drug delivery systems (DDS) are designed for the controlled release of bioactives
directly into a defined target tissue and to maintain a sufficient therapeutic level
of the drug over a defined period of time. This should avoid risks of a systemic
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Fig. 3 a–d Fabrication regime of a calcium phosphate cage resulting from the periodic repetition
of an optimized unit cell with 1000 μmmacropore size; e X-ray micrographs of the implanted cage
in the dog left stifle joint after different time intervals post operatively. Unpublished images from
Ref. [63]
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drug application, especially side effects due to a high plasma concentration, a low
bioavailability resulting from low blood supply or biological barriers of target tissue,
or an elimination or inactivation of the drug during in vivo transport [64]. Common
modifications in the area of bone tissue regeneration include bioactives to induce
angiogenesis or osteogenesis [65], chemotherapeutical agents to treat cancer [66] or
antibiotics for infection treatment or prophylaxis [67]. Recent developments concern
the use of microporous 3D printed CaP-scaffolds as drug carriers. Drug modification
is possible by immersion of the porous ceramic scaffolds in an aqueous drug solu-
tion leading to a homogeneous distribution of the drug within the scaffold structure
[68–70]. The adsorption behaviour and the release kinetic of antibiotics on different
printed calcium phosphate matrices (brushite, monetite, hydroxyapatite) are pre-
dominantly determined by physical properties like porosity and specific surface area
of the matrices or drug-matrix interactions [68]. Commonly, a quantitative release
within 2 days was observed due to the microporosity with pore sizes in the range
of 10–15 μm. A sustained release was achieved by infiltration of the DDS with a
degradable polymer [68]. Later, an in vivo study showed, that simultaneous man-
ual application of BMP-2 within a 3D printed biphasic calcium phosphate scaffold
enhance bone growth compared to unloaded or to scaffolds with a delayed BMP
application [70, 71].

Amore sophisticated approach to create DDS by additivemanufacturing is the use
of multiphase-printers [72], which enable the simultaneous processing of different
materials in one scaffold. An example are multicolour-3D printers, in which the
colour information can be used to deposit bioactive compounds at desired locations
in the 3D scaffolds for a spatial control of drug release kinetics and tissue response.
For this process, drugs will be dissolved or dispersed in a solution and printed within
defined areas of the scaffold, whereas the solutions have to be adjusted to gain optimal
printability [73]. This was firstly demonstrated by Wu et al. [74], who controlled the
release rate of dyes (methyleneblue and alizarin yellow) asmodel drug frompolymers
(polycaprolactone, polyethylene oxide) by adjusting the local drug concentration
and matrix composition. The authors demonstrated that 3D printing is not limited
to adjust only zero order release kinetics but can also produce multiple diffusion
gradients within a single device to create more complicated drug release profiles not
easily achievedwith conventional processing techniques [68]. Following studies dealt
with the fabrication of polymeric DDS with controlled release patterns of single or
multiple drugs [75, 76], e.g. byprintingmultilayer concentric cylinders, inwhich each
layer can be loaded with a specific drug to obtain an orderly release profile from the
outside to the center of theDDSwith peak concentrations at 8–12days intervals. Bone
tuberculosis treatment by loading the printed DDSwith either isoniazid or rifampicin
was discussed to be an application [76]. Another study by Yu et al. investigated
the release behaviour of acetaminophen from depot loaded ethylcellulose tablets.
Release-retarding material gradients and drug-free diffusion barriers were utilized
to gain a constant release rate over a period of 5–13 h governed by matrix erosion
and diffusion process [75].

An application of this concept to ceramic bone implants used a commercially
available multi-colour printer for sample preparation [24], in which the black chan-
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nel was used for applying the binder, while the other three channels were filled
with solutions containing either BMP-2, vancomycin, heparin as drugs or a chitosan
solution to produce either homogeneous, depot or gradient drug loadings (Fig. 4a).
A spatial resolution of approximately 300 μm of the drugs within the matrix was
achieved by using a cellulose modified tricalcium phosphate powder. Drug release
kinetics were shown to depend on the drug localisation within the scaffolds; while
homogeneously loaded scaffolds provided first order release kinetics, drug depots or
gradients resulted in zero order release over a period of 3–4 days with release rates
in the range 0.68–0.96%/h (Fig. 4b).

A crucial prerequisite for such 3DprintedDDS is that the pharmacological activity
of imprinted drugs is maintained until final release. This is somewhere challenging
since the fabrication regime includes harsh conditions, e.g. (1) parts of the binder
solution are thermally evaporated during printing, (2) high shear forces occur during
bubble ejection or (3) the acid pH during setting of the above mentioned brushite
cement matrix. While (1) and (2) seemed to have only a minor effect on drug activ-
ity (demonstrated by purging the solutions through the print-heads without cement
matrix), (3) seemed to be a parameter diminishing the activity of delicate protein
based factors. Indeed, only for pH insensitive drugs like vancomycin it was possible
to demonstrate more or less unchanged activity after the whole process chain and
release from the brushite matrix (Fig. 5a). A solution to this problem might be the
use of neutral setting cements for 3D printing based on the formation of struvite
(MgNH4PO4·6H2O) from magnesium phosphate powder and ammonium phosphate
solution. Indeed, by using this approach it was possible to measure a certain BMP-2
activity after printing and release, however the determined activities were quite low
compared to the activity of the used binder solution (Fig. 5b) [77]. This is thought
to be a result of the quite low porosity of struvite cements (5–7% according to [78]),
which may have led to a physical entrapment of the drug within the matrix.

5 Conclusion

3D powder printing of ceramic implants and scaffolds enables the fabrication of
patient specific implants or macroporous scaffolds from a broad range of materials.
The possibility to perform the process at room temperature by using self-setting
ceramic bone cements offers the possibility for a simultaneous control over geom-
etry, porosity and composition. Such cements are hydrated phases of calcium or
magnesium phosphates (brushite, monetite, struvite) with an enhanced degradation
ability compared to traditionally used sintered materials such as hydroxyapatite or
tricalcium phosphate. The progress in developing low temperature rapid prototyping
systems using a cement setting reactionmayopen the possibility to fabricate scaffolds
of different compositions (ceramic, hydrogel) which are simultaneously loaded with
bioactives to control release profile and cellular response. Clearly, such a fabrication
chain of drug loaded samples would require a processing under sterile conditions
since common sterilisation procedures (heat, γ-irradiation) may negatively affect the
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Fig. 4 a Spherical bioceramic samples prepared by 3D powder printing with either homogeneous,
depot or graded drug loading. Hardening of samples is achieved by printing binder solution (H3PO4)
with the black print-head, while localized deposition of drugs is achieved by additional print-heads
based on the colour information of each sample. b Vancomycin release kinetics from brushite
samples in PBS buffer over a course of 4 days [24]. The ceramic spheres were printed with TCP
powder, partially mixed with hydroxymethyl propyl cellulose (HPMC), and phosphoric acid as
binder. The vancomycin or chitosan was locally incorporated within the samples by spraying of the
antibiotic or chitosan solution through a print head (Color figure online)
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Fig. 5 a Pharmaceutical activity of drugs after applying through the print-head and after the whole
process chain; matrix: brushite from TCP powder and phosphoric acid as binder [24]; b BMP-2
activity after release from a neutral pH setting struvite matrix [77] (Color figure online)

pharmacological activity of many imprinted drugs. Engineering suitable and reliable
printers for sterile processing is likely the next step in the fabrication and clinical
application of drug or cell loaded ceramic implants.
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A Biomechanical Approach for Bone
Regeneration Inside Scaffolds Embedded
with BMP-2

C. Gorriz, F. Ribeiro, J. M. Guedes, J. Folgado and P. R. Fernandes

Abstract Scaffold-based strategies for Bone Tissue Engineering have been seen as
a solution to repair bone in situations of large defect size and disease. Neverthe-
less, the factors that conduct to an optimal scaffold performance haven’t been fully
determined yet in spite of the intense research work on this field. This work presents
the development of a computational model to analyse concurrently the process of
degradation and the cell/tissue invasion in an artificial bone substitute embeddedwith
BMP-2. The computational procedure comprises a degradation model which takes in
account the hydrolysis process and its enhancement by autocatalysis and a mechano-
regulated bone tissue regeneration model based on cell differentiation and growth
theories including the effect of BMP-2. It assumes the domain of study to be only a
representative volume element of a periodic scaffold constituted by several volume
elements with periodic properties. The effective elastic and permeability properties
are computed using an asymptotic homogenization method. Results show that the
inclusion of BMP-2 in the scaffold leads to an increase on bone formation veloc-
ity. At the end of the process the quantity of bone is not significantly different with
and without BMP-2, but an early bone formation contributes to a better mechanical
stability of the bone substitute.

Keywords Bone scaffolds · Biodegradation · Bone regeneration · BMP-2 ·
Tissue Engineering

1 Introduction

Themechanism of bone regeneration, in normal condition, is a very efficient process.
However, in situations of large defect size and disease it is necessary a surgical pro-
cedure. In fact, there are an estimated 2.2 million bone graft procedures performed
annually to promote fracture healing or to fill defects [1]. The most common solu-
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tion is the use of autografts, though allografts and implantation of non-biological
implants are also possible alternatives. These solution has some disadvantages such
as bone limited supply, donor site morbidity, disease transmissions, host immune
response, and, for implants, failure may occur after a certain time, due to the differ-
ent mechanical properties of the material comparing with the original tissue [1]. The
use of scaffold for Bone Tissue Engineering as bone substitutes is a promising alter-
native to previous solutions. These devices combine a three-dimensional structural
porous matrix with cells and bioactive molecules to create an appropriate substitute
that repairs the damaged tissue.

To obtain scaffolds with optimal performance, computational models for scaffold
design has been developed [2–4], as well as models to simulate the scaffold degrada-
tion and the respective bone formation. Models to predict tissue regeneration inside
scaffolds (degradation and bone formation) differ each other on the biodegradation
model used [5–8] and on the bone formation approach [6–12]. These publishedworks
are essentially biomechanical, i.e., only the mechanical factors are considered as reg-
ulators for bone growth. However, the bone tissue regeneration strongly depends on
the action of biochemical factors such as bone growth factors that stimulate the
cellular chemotaxis, differentiation and proliferation [13]. In particular, the Bone
Morphogenetic Protein 2 (BMP-2) is considered one of the most relevant signaling
molecules for bone regeneration [14, 15]. Thus, scaffolds embedded with BMP-2 are
also used to enhance bone formation [16], and so, a model able to predict the bone
regeneration inside scaffolds embedded with BMP-2 would be a useful tool to assist
on scaffolding design and development.

The main objective of this work is to propose a novel model to study the dynamic
and interdependent process of degradation and the cell/tissue invasion in an arti-
ficial bone substitute taking in account the effect of BMP-2. This is accomplished
through the development of a computational model combining a scaffold degradation
model and a suitable bone tissue regeneration process. For this purpose themechano-
chemical model for bone healing recently published by Ribeiro et al. [17] is used.
Results show that the inclusion of BMP-2 in the scaffold leads to an increase on bone
formation velocity revealing the developed computational model as a useful tool to
provide new insights on the design and behaviour of biodegradable scaffolds.

2 Materials and Methods

The computational model assumes the scaffold to be a porous periodic structure
constituted by several volume elements with periodic properties, which allow us to
study only a representative volume element of the scaffold. To compute the equivalent
material properties of the scaffold an asymptotic homogenizationmethod for periodic
structures is used [18].

The computational model consists of a degradation model applicable to poly-
mers with a mass degradation profile, comprising the hydrolysis process and its
enhancement by autocatalysis [19] and a mechano-chemical regulated bone tissue
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Fig. 1 Flowchart for the computational model to predict the bone formation inside the scaffold

regeneration model based on cell differentiation and growth theories [17] that is an
extension of the model by Gómez-Benito and co-authors [20] in order to incorporate
the effect of BMP-2. The flowchart for the model is presented in Fig. 1.

For a given initial geometry of the representative volume element a poroelastic
analysis is performed to obtain the mechanical stimulus. Then diffusion analysis for
BMP-2, mesenchymal cell (MCS) and bone cells are done. All this information allow
us to determine the new concentrations for MSC (cs), fibroblast (cf ), chondrocytes
(cc) and osteoblast (cb) at each point of the scaffold and so the correspond tissue
distribution. Finally, the new degradation stage is computed to complete the infor-
mation about thematerial distribution inside the scaffold to restart the process. All the
finite element analysis (poroelastic and diffusion) were performed using ABAQUS.
The evolution of the properties of the tissue-polymer construct can be monitored at
each instant (iteration) by computing the equivalent properties using homogenization
methods.

2.1 Degradation Model

Asmentioned above themodel implementedhere is an adaptationof theonedescribed
by Chen et al. [9]. For the domain of the representative volume element divided into a
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finite number of elements, a stateχH for every element is assigned: 1 for hydrolysable
states, 0.001 for hydrolysed ones and 0 for the remaining void states. Then, for every
hydrolysable element, a degradation probability is attributed according to Eq. (1),

P(λ, t) = λ0e−λ0t[1 + β(eCm − 1)]
V0V (t)

(1)

where λ0 is the degradation rate constant without autocatalytic effect, β is a con-
stant to regulate the contribution of autocatalysis, Cm is the concentration of the
monomers/by-products resultant from previous degradation, V (t) is the volume frac-
tion of polymer matrix at time t and V 0 is the initial volume fraction.

In every iteration, for every element with state, χH = 1, a random generated
number, r, is compared to that probability. If P(λ, t) > r, the element is hydrolysed
and its state altered to χH = 0.001.

Cm is a nodal variable increased when an element is degraded, by adding the mass
of the degraded chains to all the adjacent nodes, n, of that element given by Eq. (2).

CN
m new = CN

m + χH − χh

n
(2)

The monomers motion through the scaffold is described by a diffusion equation,
with attribution of different diffusivity constants during the degradation process,
according to the element properties.

2.2 Bone Tissue Regeneration Model

The tissue regeneration model used in this work is based on cell differentiation and
growth theories, where cellular process such as mitosis, migration, differentiation
and apoptosis are mechano-regulated as proposed by Gómez-Benito et al. in 2005
for long bone healing [20] with the biochemical effect of BMP-2 modelled as pro-
posed by Ribeiro et al. [17]. In this bone healing model the key parameters are
the cell concentrations of: Mesenchymal Stem Cells (MSCs)—cs; fibroblasts—cf;
chondrocytes—cc; and osteoblasts—cb.

These cell concentrations at a certain point within the scaffold evolves according
to general balance equations defined for each cell type, function of proliferation,
migration, differentiation and death rules [20]. Note that in this work this rules
depend on both mechanical and chemical stimuli. The mechanical stimulus is the
second invariant of the deviatoric strain tensor given by Eq. (3),

ψ =
√

(εI − εoct)2 + (εII − εoct)2 + (εIII − εoct)2 (3)

where εI , εII and εIII are the principal strains and εoct is octahedral strain defined as
shown in Eq. (4).
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εoct = 1

3
(εI + εII + εIII ) (4)

The chemical stimulus is driven by the concentration of BMP-2 at each domain
point. BMP-2 it is assumed to be encapsulated in the scaffold matrix and so, only
after the degradation starts it is released. The concentration of BMP-2, obtained
by a diffusion analysis, determines the fold value to be applied on the rules used to
compute the cell concentrations. This is achieved using the theoretical curves defined
byRibeiro et al. [17] forMSCproliferation,MSCandbone cells chemotaxis, cartilage
hypertrophy and bone tissue production.

Without being exhaustive in equation details that can be found in the referred
works [17, 20] and in the Appendix, to illustrate the combined effect of the mechano-
chemical stimulus let see the case of MSC. When the current concentration of MSC,
cs, is bellow an upper bound the new cell concentration is given by Eq. (5),

Dcs
Dt

= fprolif + fmig − fdiff − fdeath (5)

where f prolif is the function that defines cell proliferation, f mig is the function that
defines cell migration, f diff defines cell differentiation and f death defines cell death.
All this functions on the right hand side of Eq. (3) depend on the mechanical ψ (x,
t) at point x and instant t, and/or BMP-2 concentration. For instance f prolif is given
by Eq. (6),

fprolif = αprolif ψ(x, t)
ψ(x, t) + ψprolif

φ(g) (6)

where αprolif and ψproli are constants, and φ(g) is the fold value obtained for the
concentration g of BMP-2.

Sumarizing the cellular processes involved, chondrocytes and fibroblasts are pro-
duced from MSCs. Bone cells are also created from MSCs differentiation, but they
may also be created as the result of cartilage calcification. Although cells are the key
players on this process, the extracellular matrix (ECM) where cells are embedded
are necessary to assess the physical properties of the regenerated tissues. Therefore
each cell is considered to produce a specific ECM. This way, MSCs, chondrocytes,
fibroblasts and bone cells originate granulation tissue, cartilage, fibrous tissue and
bone tissue, respectively. Each volume of ECM is considered to be proportionally to
the cell concentration responsible by its production (Eq. 7) where Qi is the propor-
tionality constant for the i type of cell and ci is the respective concentration.

∂ V i
matrix

∂ t
= ci · Qi (7)

However, since the bone formation is influenced by the BMP-2 concentration, for
the particular case of bone tissue this relation is written as in Eq. (8),
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Table 1 Mechanical and permeability properties of the scaffold material and tissues

PLGA Granulation
tissue

Bone tissue Cartilage Calcified
cartilage

Fibrous
tissue

E (MPa) 120011 0.29 982.48910 27.05510 57.05510 80.07810

ν 0.3311 0.1679 0.29610 0.10410 0.10810 0.12810

k (×10−14

m4/Ns)
0.0019 19 0.0019 0.59 0.59 19

∂ V b
matrix

∂ t
= cb · Qb(g) (8)

where the index b stands for bone and the proportionality constantQb(g) depends on
the BMP-2 concentration g and it is affected by the correspondent fold value.

The mechanical and permeability properties of the scaffold material, here con-
sidered to be 50:50 poly(lactic-co-glycolic acid) (PLGA), are presented in Table 1.
When tissues are created, the nodal properties are the result of the combination of
different tissues, so they are calculated using an average with the tissues volume
fractions. The values used for each tissue are also presented in Table 1.

2.3 Material Properties by Homogenization

The model described above implies that at a certain instant we have in the defect
region a construct of polymeric scaffold in degradation mixed with different bio-
logic tissues. The assessment of the its properties during the healing time is useful
to act in the scaffold design phase in order to optimize its perform. The asymptotic
homogenization for periodic structures [18] is the method adopt here to determine
the effective elastic and permeability properties of the system. The effective (homog-
enized) elastic properties are given by Eq. (9),

DH
ijkl = 1

|Y |
∫

Y

(

Eijkl − Eijpq

∂ χ kl
p

∂ yq

)

dY (9)

where |Y| is the volume of the entire unit cell with the void and χ kl represents the
characteristic deformations that result from six unit strains applied solely to the unit
cell, and the homogenized permeability coefficients are given by Eq. (10),

KH
im = 1

|Y |
∫

Y

Kij

(
δjm − ∂ χm

∂ yj

)
dY (10)
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where χm describes the microstructure pressure perturbations for a unit average
pressure gradient in each direction m [21].

3 Results

3.1 Results for Scaffolds Without BMP-2

The model was computationally implemented in order to solve two and three dimen-
sional problems [12]. To verify the model without the effect of BMP-2, 3D perme-
ability maximized microstructures obtained by Dias et al. [3] through a topology
optimization algorithm were used. Figure 2 show a representative volume element
for a 35% porous scaffold where for Fig. 2a, b red is the polymer (PLGA).

The degradation profiles for this microstructure is shown in Fig. 3 for loads of
1 and 2 MPa. Experimental values from the works of Wu and Wang [22] and Oh
et al. [23] are included in order to enable a comparison to assess the validity of the
implemented degradation model. The evolution of tissues formation obtained for the
same 35% porosity microstructure, are presented in Fig. 4.

On the first days, the main occurrences are the degradation of the polymer matrix
and the proliferation and diffusion of the MSCs. Bone is the first tissue to be formed,
appearing from the boundaries of the domain in regions located near the scaffold
matrix. Around day 16, the areas surrounding the polymer matrix are under the
influence of a mechanical stimulus that favors mainly the differentiation into chon-
drocytes and osteoblasts. About the same time, MSCs differentiation into fibroblasts
occurs. Fibrous tissue formation is observed in areas of higher mechanical stimulus.
From this point on, MSCs start migrating more profusely towards the inside of the
polymer matrix as the number of voids is ever increasing. Due to the production of
new tissues, that possess higher mechanical properties, the mechanical stability of
the system is increased, further promoting the formation of bone in those locations.
Around day 22/23, the bone cells, created mainly by intramembranous ossification,
invade the matrix composed of calcified cartilage and replace it. After that, and until

Fig. 2 a RVE for the tested scaffold. b Cross section. c Load boundary conditions
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Fig. 3 Comparison between the simulation results and reported experimental results of normalized
average molecular weight (%) as a function of time during biodegradation

day 50, bone tissue is created at a substantial velocity. Until the end of the simula-
tion, bone continues to be formed but at a slower rate, filling a large part of the total
domain.

Figure 5 displays the evolution of the effective normal (Cxx, Cyy, Czz) stiffness
components of the stiffness tensor.

3.2 BMP-2 Embedded Scaffolds. Comparison
with Experimental Data

To validate the developed computational model, the experimental study presented
by Rahman et al. [24] was computationally reproduced. In the experimental study
scaffolds made of 93.5% of poly(lactic-co-glycolic acid) and 6.5% of polyethylene
glycol (PLGA/PEG), able to release BMP-2 by the degradation of the polymeric
matrix were applied in rats calvaria. The scaffolds have a diameter of 4 mm and are
1 mm thick. In the computational simulation, a two dimensional model of a cross
sectionwas considered. Only half of the domainwas analyzed due to axial symmetry.
A BMP-2 dosage of 80 ng/mm3 was considered. Results are presented in Figs. 6, 7
and 8.

3.3 Results for Periodic Porous Scaffolds Embedded
with BMP-2

Here, for a sake of computational time reduction, two dimensional representation of
idealized scaffolds were tested with the objective of assessing the performance of
the developed computational model and analyse the rationality of using a mechano-



A Biomechanical Approach for Bone Regeneration … 75

Fig. 4 Mechanobiological evolution of the scaffold-tissues system through time, for an applied
load of 1 MPa. Left to right: day 20, 30 and 60. First row—fibrous tissue, second row—cartilage,
third row—calcified cartilage, fourth row—bone tissue

chemical model considering the BMP-2 effect. The two dimensional geometries
shown in Fig. 9 represent the cross sections of a unit cell of the idealized scaffolds.
The unit cell is assumed to have 1 mm length. Figure 2a represent a scaffold with
randomdistribution ofmaterial, Fig. 2b a laminate distribution ofmaterial and Fig. 2c
a scaffold with longitudinal cylindrical struts.
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Fig. 7 Bone tissue after 20 days (top), 20 days (middle) and after 40 days (bottom). a Without
BMP-2. b With BMP-2

Moreover, different dosages of BMP-2 were tested (30, 80 and 120 ng/mm3).
These values are in accordance with dosages used in in vivo studies of polymeric
scaffolds [25].

Results of the percentage of bone formation for a period of two months for all
models are presented in Fig. 10.
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4 Discussion

In this work a computational model for bone regeneration inside scaffolds embed-
ded with BMP-2 was developed. The model combines a degradation model and
a mechano-regulated bone tissue regeneration model based on cell differentiation
and growth theories including the effect of BMP-2. The model was tested in three
dimensional geometries of optimized scaffolds [3] and in idealized two dimensional
geometries to assess the effect of BMP-2.

The degradation profiles for all simulations (2D and 3D) were very similar. The
obtained values form a decreasing exponential over the degradation time, indicat-
ing a good agreement with what is expected in a bulk degradation, representing a
simultaneous degradation on the surface and in the bulk of the material. On the last
days, there is a small deceleration compared to what was expected. That could be
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interpreted as a need to perform a slight adjustment in the degradation rate constant
or in autocatalysis factor.

The evolution of tissues formation for a 3D microstructure with 35% porosity
microstructure and without BMP-2 was presented. When comparing the results con-
cerning the percentage of tissue formation with the computational results obtained
in [9] also for a permeability optimized microstructure an acceptable agreement is
encountered. Moreover, the prediction of bone formation by Byrne et al. [26], for a
30% porous scaffold in similar conditions, is in accordance in terms of timing and
magnitude with the current work results.

The curves in Fig. 5 for the evolution of the effective normal stiffness represent
the decay of themechanical properties of the system as the biomaterial is hydrolyzed,
followed by an increase due to the contribution of the newly formed tissues.Due to the
symmetry of the microarchitecture, the initial values are the same in every direction.
As time goes by, due the randomness of the degradation model, the components
start to deviate a little. Nevertheless, they remain somewhat close, specially the
values referring to the mechanical properties in the y and z directions evidencing that
the tissue regeneration occurs in an almost symmetrical manner, as a consequence
of the symmetry of the initial microarchitecture. In Sanz-Herrera et al. [27], the
evolution of the stiffness components of scaffold-tissues systems was also analyzed.
The considered scaffoldswere constituted by PCL, a polyester with a similar Young’s
modulus to that of PLGA. Simulations with three different scaffolds were performed,
with ranging porosity values from 75 to 85% and with different pore distributions.
There is a concordance regarding the shape of the evolution lines, especially with
the more symmetric microarchitecture.

With respect to the analyses for scaffolds embedded with BMP-2, the model was
first validated comparing the simulated results with an experimental setup presented
by Rahman et al. [24]. Comparing Fig. 6a and b it is notorious the higher cells
proliferation in early stages in presence of BMP-2. This higher concentrations of
MSCwill later potentiate the bone formation, since more cell are able to differentiate
in osteoblasts. The combination of this effect with the capacity to attract bone cells
due to chemical stimulus lead to a larger area of bone formation (Fig. 7). Together
with an increase in bone formation, it results in a greater amount of bone over the
whole domain. Results are also in agreement with the experimental ones [24]. The
computational model gives a bone formation of nearly 54% for the simulation with
BMP-2 after 6 weeks (Fig. 8), which is very close to the experimental value of 55%.
Furthermore, the results also agree with respect to the increase in bone formation due
to the growth factor comparingwith the control (without BMP-2). The computational
result present an increase of 23.5%, while in the experimental model this value is
24% after 6 weeks.

Analyzing the results for the two-dimensional periodic scaffolds with BMP-2, it
confirms that the addition of BMP-2 increases the rate of bone formation comparing
with the bone formation in scaffolds without the growth factor. Moreover, there
are a correlation between the BMP-2 dosage and the bone formation. In fact an
increase in the dosage correspond to a bigger amount of bone tissues for the initial
and intermediate stages, as already observed in Ribeiro et al. [17]. This result is in
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agreement with experimental results where a higher BMP-2 dosages correspond to
bigger area, volume and density of bone [25]. With respect to the final quantity of
bone, there are no difference between scaffolds with and without BMP-2. However,
the higher bone formation in earlier stages is advantageousbecause it balances the loss
of stiffness due to the scaffold degradation, which is very common with polymeric
scaffolds [28].

Notwithstanding some limitations of the model such as the simulation of a single
representative volume element or the no consideration of the vascularization effect,
the presented work represents a useful tool to simulate the in vivo behaviour of
biodegradable scaffolds and so, to contribute to bone scaffold development.

Acknowledgements Authors would like to tank to Fundação para a Ciência e Tecnologia
(Portugal) for the support through project PTDC/BBB-BMC/5655/2014 and LAETA project
UID/EMS/50022/2019.

Appendix

This appendix summarize the evolution equations for the bone regeneration model.
Basically it is an adaptation to bone regeneration inside the scaffold of the model
presented byGomez-Benito et al. [20] andmodified byRibeiro et al. [17] to introduce
the BMP-2 effect.

Mesenchymal Stem Cells (MSC)

The concentration of MSC can vary according to Eq. 11 due to proliferation, migra-
tion, differentiation and cell death,

Dcs
Dt

=
{
fprolif + fmig − fdiff − fdeath if cs < csmax

fmig − fdiff − fdeath if cs = csmax
(11)

where f prolif is the function that defines cell proliferation, f mig is the function that
defines cell migration, f diff defines cell differentiation and f death defines cell death.
The mechanical stimulus ψ (x, t) at point x and instant t is the second invariant of
the deviatoric strain tensor given by Eq. (12),

ψ =
√

(εI − εoct)2 + (εII − εoct)2 + (εIII − εoct)2 (12)

with εI , εII and εIII the principal strains and εoct the octahedral strain defined as
shown in Eq. (13).
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εoct = 1

3
(εI + εII + εIII ) (13)

The f prolif is given by Eq. (14),

fprolif = αprolif ψ(x, t)
ψ(x, t) + ψprolif

φ(g) (14)

where αprolif andψprolif are constants, and φ (g) is the fold value obtained for the con-
centration g of BMP-2 reflecting the chemical stimulus introduced in this approach.
Once the concentration of BMP-2 is known the fold value to be applied is determined
by the theoretical curves defined in Ribeiro et al. [17].

The f mig is given by Eq. (15),

fmig = −D0∇2cs + Dg∇2g (15)

where D0 is the diffusion coefficient for MSCs and the second term of Eq. (15)
represents the effect of BMP-2 on MSC chemotaxis with Dg being the respective
diffusion coefficient.

The differentiation behaviour, f diff , is defined by Eq. (16).

fdiff =
⎧
⎨

⎩

hintramembranous(ψ, t) if ψlim < ψ < ψbone and t > tbm
gdiff (ψ, t) if ψbone < ψ < ψcartilage and t > tcm
ldiff (ψ, t) if ψcartilage < ψ < ψfibrous and t > tfm

(16)

This means that MSCs can differentiate into bone cell (hintramembranous), chondro-
cytes (gdiff ), or into fibroblasts (ldiff ) depending on the mechanical stimulus value
and time.

The time limits are defining for each differentiation path as follows,

tbm = tcm_lim · ψ

ψbone
(17a)

tcm = tcm_lim (17b)

tfm =
{

ψ−ψslope

ψcartilage−ψslope
tslopem_lim + tcm_lim

tcm_lim
(17c)

where tcm_lim, t
slope
m_lim, ψslope, ψbone and ψcartilage are constants.

Each differentiation function on the right hand side of Eq. (16) is defined differ-
ently. So the differentiation in bone cells is ruled by Eq. (18).

hintramembranous =
{
Db∇2cb + Dg∇2g , ψlim < ψ < ψbone and t > tbm and cb < cmin

b
cs , ψlim < ψ < ψbone and t > tbm and cb > cmin

b

(18)
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Here, the effect of BMP-2 is again taking into account, increasing the cell dif-
ferentiation when the limit of bone cell is below the threshold value that make all
MSCs to differentiate in bone cells. In fact when the number of bone cell is small the
differentiation occurs gradually ensuring that intramembranous ossification could
only occur next to already existing bone [20].

The differentiation of MSCs into chondrocytes and fibroblasts is given by Eqs.
(19) and (20), respectively.

gdiff = cs (19)

ldiff = cs (20)

For very high mechanical stimulus, cells die and so the MSCs death is defined as,

fdeath = cs if ψdeath < ψ (21)

Chondrocytes

The concentration of chondrocytes is given by Eq. (22),

Dcc
Dt

= gdiff (ψ, t) − hendochondral(ψ, t) (22)

where gdiff is the function described by Eq. 19 and hendochondral is the number of
chondrocytes replaced by bone cells during endochondral ossification.

The differentiation of chondrocytes in bone cell is given by Eq. (23),

hendochondral =
{
D(ψ)∇2cb if ψ < ψbone, pmi > pmi_min and cb < cmin

b

cs if ψ < ψbone, pmi > pmi_min and cb > cmin
b

(23)

where the first parcel of Eq. (23) describes the gradual advancement of an endo-
chondral ossification front which invades the mineralized cartilage (pmi_min), if the
number of bone cells is not enough to promote the differentiation of all chondrocytes
cell. Importantly, the referred diffusion coefficient (ψ) is considered to be dependent
on the mechanical stimulus and is described in Eq. (24),

D(ψ) = Db
ψbone − ψ

2 ψbone
(24)

where Db and ψbone are constants.
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Fibroblasts

The fibroblast only appeared from MSCs differentiation (Eq. 25),

Dcf
Dt

= ldiff (25)

where ldiff is given by Eq. (20).

Bone Cells

The concentration of bone cell is given by Eq. (26),

Dcb
Dt

= hintramembranous(ψ, t) + hendochondral(ψ, t) (26)

with hintramembranous and hendochondral already defined above (Eqs. 18 and 23, respec-
tively).

ECM Production and Replacement

Although this themodel is essential based on cells, the tissues where cells are embed-
ded are necessary to evaluate the mechanical behaviour. Thus, each cell is considered
to produce a specific extracellular matrix (ECM).

MSCs is associated to granulation tissue, chondrocytes to cartilage, fibroblasts to
fibrous tissue and bone cells to bone tissue. Each ECM is considered to be proportion-
ally to the cell concentration responsible by its production (Eq. 27) where Qi is the
proportionality constant for the i type of cell and ci is the respective concentration.

∂ V i
matrix

∂ t
= ci · Qi (27)

Because bone formation is influenced by the BMP-2 the concentration for the
particular case of bone tissue is given by Eq. (28),

∂ V b
matrix

∂ t
= cb · Qb(g) (28)

where the index b stands for bone and the proportionality constantQb(g) depends on
the BMP-2 concentration g and it is affected by the correspondent fold value.
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