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Tissue engineering

i) General concepts

ii) Biomechanical considerations

iii) In vivo bioreactor
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The classical strategy in tissue engineering involved 
3 different components

Scaffold Cells Growth factors



Different processes are followed depending on the 
targeted clinical applications and cells source

From Nature Nanotechnology 6, 13–22 (2011)



Each component is important: scaffold

From Nature Nanotechnology 6, 13–22 (2011)



Each component is important: cell source

From: Swiss Med Wkly. 2012;142:w13622





Obviously, regulatory aspects are essential



Example of a successful implementation

The Huffington post

The Huffington Post  |  By Macrina Cooper-White

Posted: 03/01/2015 9:51 am EST Updated: 03/02/2015 2:59 pm EST

How 3D Printing Could End The Deadly Shortage Of
Donor Organs

Three-dimensional printing has been used to make everything from pizza to prostheses, and now researchers are working on using the
emerging technology to fabricate hearts, kidneys, and other vital human organs.

That would be very big news, as the number of people who desperately need an organ transplant far outstrips the number of donor organs
available. On average, about 21 Americans die every day because a needed organ was unavailable.

What exactly is the promise of 3D printing organs and tissues, or "bioprinting?" How does the technology work, and when might it start
saving lives?

For answers to these and other questions, HuffPost Science reached out to Dr. Anthony Atala (right), director
of the Wake Forest Institute for Regenerative Medicine and a world-renowned expert in the field, to find out.

See below for a lightly edited version of the Q & A.

Can 3D printing end the shortage of organs?

3D printing is not magic. It is simply a way to scale up the current processes we use to engineer organs in the
laboratory. Our team has successfully engineered bladders, cartilage, skin, urine tubes and vaginas that have been implanted in patients. Our
goal is produce organ structures such as these with 3D printing to make the engineering process more precise and reproducible. The
ultimate goal of regenerative medicine -– regardless of the way the organs are engineered -- is to help solve the shortage of donor organs.

How might 3D-printed organs compare to donor organs?

Our goal is to engineer organs using a patient’s own cells. With this approach, there would be no issues with rejection, and patients wouldn’t
have to take the powerful anti-rejection drugs that are now required. This is certainly one advantage of customized organs.

What's the actual process by which organs would be "printed?"

A first step in organ engineering –- whether it involves 3D printing or other methods –- is to get a biopsy of the organ that needs to be
replaced. From this biopsy, certain cells with regenerative potential are isolated and multiplied. These cells are then mixed with a liquid
material that provides oxygen and other nutrients to keep them alive. This mixture is placed in a printer cartridge. A separate printer
cartridge is filled with a biomaterial that will be printed into the organ- or tissue-shaped structure. The structure is designed on a computer
using a patient’s medical scans.

When happens when you press the "print" button?
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Example of a successful implementation



Example of a successful implementation

From Lancet, 2005

Mlle A.P. 18 months old
2nd and 3rd degree Burns

20 days later
5 constructs



Example of a successful implementation

From http://noyeskneeinstitute.com/articular-cartilage-repair/

http://noyeskneeinstitute.com/articular-cartilage-repair/


Anyway, tissue engineering is not (yet) the 
announced revolution in medicine, why?

- regulatory affairs
- cost
- business model
- logistic
- …
- inadequate mechanical properties of 

the scaffold (at least for 
musculoskeletal applications)



Tissue engineering

i) General concepts

ii) Biomechanical considerations (evaluation, bioreactor)

iii) In vivo loading bioreactor

14



Evaluation of the mechanical loading situation to 
develop appropriate materials

Scaffold Cells Growth factors

Load-bearing Biomechanics
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FEM

The clinical application needs then to be 
clearly defined
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Loading 
conditions

Interface 
biomechanics

Scaffold 
evolution

Bone mechanical 
properties   

micromotion

Tibia 
Model

scaffold degradation

3.5 x BW

3.5 x BW

10°

Gait
loads

Surgery
induced
loads

Periosteum
Elongation

Model

Osteotomy 
Model

Knee 
Model

… and corresponding loading 
evaluated



Not only the geometry and density are 
needed, but also the osteotomy procedure
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Geometry transformed in 
FEM

Tibial osteotomy 
simulated

Geometry + bone density 
obtained by CT scan



Mechanical information are then obtained 
for the scaffold 
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Evaluate the mechanical effect 
of the plate positioning

Scaffold: flexible (E ≈ 300 MPa) 
but resistant (σ > 50 MPa)

Optimisation of scaffold 
mechanical properties

Numerical tests of different 
scaffold shapes



Relationship between Young’s modulus of 
porous scaffold and material (open cell)

20

Corresponding mechanical properties of the 
(porous) scaffold

Processing of porous polymer composites for bone tissue engineering 

 34 

maximal and minimal radius of the MIL (Mean Intercept Length) ellipsoid. Directional MIL 
is the average distance between two void/matrix interfaces in a given direction. The MIL 
ellipsoid is calculated by fitting the directional MIL. DA gives an indication of foam 
anisotropy. 
 

• Apparent density 
Expansion rate is evaluated using an apparent density ρ∗ measurement. It was determined by 
weighing a sample of known volume. From this value, sample porosity ε∗ is calculated using 
the following expression [65]: 
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ρε −=  (3.3) 

where ρs is the density of the bulk solid matrix composing the foam. 
Morphological parameters, as determined by previous analysis methods, were then used to 
evaluate mechanical properties. 
 
 
3.3.2. Mechanical analyses 

Bone is mainly subjected to compression and shear under physiological loadings. Foams will 
therefore be analysed in compression. 
 

• Model 

Experimental data can be compared to theoretical calculations derived from the model of 
Gibson and Ashby [59]. The mechanical behaviour of a foam depends on its relative density 
ρ∗/ρs, the ratio between open and closed pores, and the degree of cellular anisotropy. 
An example of a compression curve of elastic-plastic foam is given in Figure 3.6. Zone I, at 
low strains, corresponds to the linear elastic behaviour of the foam, characterised by cell edge 
bending in open cell foams and additional cell wall elastic stretching in closed cell ones. The 
slope enables the foam modulus E* to be determined. Zone II is the elastic plateau, where 
buckling of cell edges and walls starts, leading to foam collapse, and this is followed by 
densification (III) when cell edges and walls come in contact. 
 
 

 

 

 

 

 

 
Figure 3.6 Elastic-plastic foam behaviour in compression 

 
Foam modulus E* and elastic collapse stress σel

∗ dependences on relative density were 
modelled by Gibson and Ashby [59]. X* relates to foam while Xs relates to the solid or matrix 
composing the foam structure. 

I  II  III 

Strain ε  

Stress σ  

E* σel
* 

εD
∗ 

! =
! 0 0
0 0 0
0 0 0

!!

!

! =
! 0 0
0 −!" 0
0 0 −!"

!!

!
3Ipoint!bending!
!
!! =

!!!
48!"!

!
! = !

!!
!!
48!!

!
Poisson!ratio!
! = − !!"#$%!!"#!$

!
!
Gibson!and!Ashby!
!
!∗
!!
= !∗

!!

!
! *: foam

s: solid

6. Bioresorbable composite foams 

 129 

could be improved. β-TCP filled foams were denser than HA filled ones, which also 
contributed to their greater moduli. 
The effect of ceramic fillers on foam modulus can be theoretically evaluated using the model 
of Gibson and Ashby for isotropic open or closed cell foams (previously described in §3.3). 
Results are displayed in Figure 6.38, based on bulk composite moduli, calculated with Halpin-
Tsai equations (§3.3), ranging from 0.55 to 0.61 GPa for 1 to 10 wt% ceramic respectively. 
The disparity of experimental results can be explained by the fact that the three specimens 
tested for one condition may be heterogeneous but of different densities although they were 
all taken from the core of a same batch. 
 
With filled foams, moduli up to 230 MPa and ultimate strengths up to 6 MPa, were obtained. 
For all processing conditions studied, with either a neat polymer or a matrix filled with up to 
10 wt% filler content, a porosity of between 70 and 92 %, and 74 to 88 % respectively, was 
obtained in the core of a sample, with corresponding moduli of 180 to 10 MPa, and 230 to 20 
MPa respectively. For a given porosity, higher moduli were experimentally obtained using 
reinforced PLA instead of neat PLA, corresponding to Gibson’s model, which predicts an 
improvement of compressive moduli of about 5 % with 5 wt% of fillers. Experimental data 
are in-between theoretical values for open and closed cells, corresponding to a partially 
interconnected porosity, also observed on SEM micrographs. Interconnectivity was not 
quantified by 2D analysis but will be evaluated using 3D analysis (§7.1). Similar elastic 
collapse stresses σel

*, up to 6 MPa, were measured with and without fillers, but with a higher 
porosity with ceramics. 
 

  

Figure 6.38 Compressive behaviour. Comparison between neat PLA, and 5 wt% HA or 
β-TCP / PLA, foamed after solvent-based mixing. a) Modulus. Experimental values are 
compared with theoretical data, calculated using Gibson model and Halpin-Tsai 
equations. OC=open cells, CC=closed cells for phi=0.6; and b) Elastic collapse stress 

 
Previous mechanical results were all presented for composites prepared via the solvent-based 
method. Similar experiments were later conducted with composites mixed by melt-extrusion. 
Figure 6.39 shows that cellular structures processed after melt extrusion had compressive 
moduli higher than those prepared after solvent treatment. This was expected, as tensile 
moduli of bulk extruded composites were higher than those obtained by solvent dispersion 
(§6.2.5). In particular with neat PLA, for a porosity around 83 %, composite foams presented 
a modulus of 50 MPa and 80 MPa after solvent dispersion and extrusion respectively. Less 
improvement was observed with fillers; however, after extrusion, structures with a higher 
porosity were prepared. This higher mechanical resistance, associated with homogeneous 
filler dispersion and the absence of solvent, is another argument in favour of melt extrusion. 
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The matching of mechanical properties for the 
native and artificial tissues is necessary for a 
functional tissue engineering approach

Semi-confined compression 

Sample 

Gel: PEGDM 10kDa  
Bovine Nucleus Pulposus 

6 



Biomechanical consideration in bioreactors 
development: perfusion

From: PNAS, vol. 107 no. 8  3299–3304
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Biomechanical considerations in bioreactor 
development: perfusion
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A cellular sensing model 11
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u: fluid velocity; µ: fluid viscosity
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The perfusion can then be tuned to favour tissue 
formation in scaffold placed inside bioreactor

24

formation.8 The second is promotion of the self-assembly
of cells.7 Although much effort and several studies have
been carried out, no functional tissue has yet been re-
generated with this method. A lack of cohesion between
cells, dedifferentiation, and an inadequate resulting tissue
shape are among the main limits. In fact, external guides
and signals, such as mechanical stress and strain, are es-
sential to make cells grow into functional 3D implantable
organs,9 and these guides are difficult to apply to cells
without any structural support. Therefore, the last strategy
consists of using a scaffold that offers the possibility of
tailoring the initial properties of the construct and allows an
easier application of mechanical constraints on the young
and fragile construct at the beginning of the regeneration.
This approach implies seeding 1 or more kinds of cells on a
scaffold (natural or polymeric, degradable or not) shaped
to obtain an appropriate geometry. The construct is then
cultured with cells, in the presence of nutrients including
growth factors, and adjusted to appropriate physiological
conditions in a specific bioreactor to enhance cell growth
and therefore achieve uniform colonization of the scaffold.
With a biodegradable scaffold, the latter is digested and
disappears in time, thus leading to a highly coherent, totally
biological and functional tissue. The growing tissue can
also be subjected during the maturation period to a wide
range of stimuli, including mechanical, biochemical, and
electrical, to encourage the formation of an organized tissue
and eventually a functional organ. Several regenerated
tissues from scaffolds have been reported in the literature,
and results are generally encouraging.6,7,10,11

The aim of this work is to review reported technologies
leading to the development and use of bioreactors in tissue
engineering. Because this is often neglected, this work fo-
cused on technologies specifically developed to apply ap-
propriate mechanical constraints to the seeded scaffold
during tissue regeneration.

BIOREACTORS

A universally recognized definition of what a bioreactor is
does not exist. From our point of view, a bioreactor can be
defined as any apparatus that attempts tomimic and reproduce
physiological conditions in order to maintain and encourage
cell culture for tissue regeneration. Cell-culture parameters
such as temperature, pH, biochemical gradients, and me-
chanical stresses should be continuously controlled during the
maturation period. Theoretically, each parameter could also
be modified to study its influence on the growth of different
tissues, and on the final properties of the regenerated construct.

In the case of a bioreactor used to perfuse a regenerating
construct, the required perfusion system should be composed
of an oxygenator, a pump, and a medium culture reservoir
as shown in Fig. 1. A fraction or the whole volume of the
initial culture medium can recirculate, depending mainly on
the anticipated application and the type of bioreactor used.

It is essential that bioreactors are designed and fabricated
following specifications that differ from tissue to tissue.10

In fact, in the human body, cells are permanently subjected
to and stimulated by mechanical, electrical, and chemical
signals and gradients that influence their behavior, pheno-
type, shape, properties, and the proliferation rate. If these
signals are inappropriate or absent, cells cannot proliferate
and form organized tissues; they dedifferentiate and be-
come disorganized, which can eventually lead to cell death.9

In fact, it is well known that biological tissues continuously
adapt their structure, remodel their shape, and modify their
composition as a natural response to external stimuli.12

Seeding cells alone or seeding them in a scaffold structure
in cell-culture dishes is not sufficient to obtain a functional
tissue. Therefore, specific bioreactors are mandatory for the
regeneration of 3D tissues, in particular those that involve
complex structures and functions.

Bioreactors can be divided into 2 main classes: rotating-
wall and fixed-wall. Rotating-wall bioreactors (Fig. 2) are
characterized by a permanent rotation of the culture cham-
ber, the rotation speed of which is adjusted to produce a
free-falling state. This seems to encourage the uniform
growth of the tissues, thus promoting uniform cellular in-
teractions. It also protects fragile tissues from cracking
because it decreases mechanical stresses, including shear
stress, and it limits the impact of cells on the walls of the
bioreactor.13 A fixed-wall bioreactor usually contains a
motionless culture chamber that allows the culture of rigid
(hard) tissues. Specific mechanical stresses can therefore be
easily applied on the regenerating tissues. The perfusion
solution can flow through the culture chamber, and eventu-
ally through the tissues, as shown in Fig. 3. In this partic-
ular case, it is possible to apply shear stresses on cultivated
cells by increasing the pressure in the lower chamber which
moves the (silicon) membrane.14

BIOREACTORS IN TISSUE ENGINEERING

Although the available research does not always review
the full design methodology used to elaborate bioreactors,
the main characteristics of bioreactors designed for the

FIG. 1. Schematic perfusion system.
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From: TISSUE ENGINEERING Volume 12, Number 8, 2006 

3D view

cross-sectional view

average pore diameter, dpore¼ 2*rpore, of the scaffold. The
average fluid velocity inside the scaffold, uscaf, can be esti-
mated by

uscaf ¼Q=(p"rchamber2"U), (1)

where Q is the inlet flow rate applied to the bioreactor,
rchamber is the radius of the bioreactor’s scaffold chamber,
and F is the porosity of the scaffold. In the case of laminar
fluid flow, the flow profile inside the pipes is parabolic
(u(r)¼umax*(1#r2=rpipe

2)), and the shear stress t is given by

s¼ l"du(r)=dr, (2)

where m is the dynamic viscosity of the culture medium.
Calculating the gradient, du(r)=dr, at the pipe wall, r¼#rpore,
and using the relation umax¼ 2*uavg¼ 2*uscaf, we obtain for
the wall shear stress t

s¼ 8"l"uscaf=dpore: (3)

In the analytical calculations presented in this study, the
scaffold’s porosities were obtained from the mCT scans, and a
dynamic viscosity of 0.001 Pa $ s was used, which is in the
range of commonly used culture media for flow perfusion
bioreactor experiments in tissue engineering.24 To determine

the analytical estimates for the CG scaffold, a fluid velocity of
235mm=s and an average pore size of 96 mm was used,
which corresponds to the experimental settings of Jaasma and
O’Brien.5 The applied fluid velocity, uscaf, was calculated by
uscaf¼Q=Achamber¼ 1mL=min=(rchamber

2*p)¼ 1.667%10#8m3=
s=[(0.00475m)2*p]¼ 0.000235m=s, where an input flow rate
Q¼ 1mL=min and a chamber radius rchamber¼ 4.75mm was
used. The analytical results of the calcium phosphate scaffold
were obtained using a fluid velocity of 24.89mm=s and an
average pore size of 350 mm, corresponding to the experi-
mental values of Vance et al.6 The applied fluid velocity uscaf

was calculated by uscaf¼Q=Achamber¼ 40mL=min=(rchamber
2*

p)¼ 6.667%10#7m3=s= [(0.00292m)2*p]¼ 0.02489m=s, where
an input flow rate Q¼ 40mL=min and a scaffold chamber
radius rchamber¼ 2.92mm was used. To improve the accuracy
of the analytical estimation, the effective porosity F’¼ 1#
Vscaf_material=(hscaf*Achamber) of the scaffold was used instead
of the scaffold’s real porosity F¼ 1#Vscaf_material=Vscaf_entire,
where hscaf is the height of the scaffold, Achamber is the area of
the bioreactor’s scaffold chamber, Vscaf_material is the total
volume of the scaffold material, and Vscaf_entire is the entire
volume of the scaffold (volume of the scaffold material and
of the scaffold’s interstice).

Figure 1a–d show mCT images of the CG and calcium
phosphate scaffolds. Figure 1a and b show 3D views and

FIG. 1. Three-dimensional views of the collagen-glycosaminoglycan (CG) (a) and calcium phosphate (b) scaffolds. (c) and (d)
show cross-sections of the CG and the calcium phosphate scaffold, respectively.
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which corresponds to the experimental settings of Jaasma and
O’Brien.5 The applied fluid velocity, uscaf, was calculated by
uscaf¼Q=Achamber¼ 1mL=min=(rchamber

2*p)¼ 1.667%10#8m3=
s=[(0.00475m)2*p]¼ 0.000235m=s, where an input flow rate
Q¼ 1mL=min and a chamber radius rchamber¼ 4.75mm was
used. The analytical results of the calcium phosphate scaffold
were obtained using a fluid velocity of 24.89mm=s and an
average pore size of 350 mm, corresponding to the experi-
mental values of Vance et al.6 The applied fluid velocity uscaf

was calculated by uscaf¼Q=Achamber¼ 40mL=min=(rchamber
2*

p)¼ 6.667%10#7m3=s= [(0.00292m)2*p]¼ 0.02489m=s, where
an input flow rate Q¼ 40mL=min and a scaffold chamber
radius rchamber¼ 2.92mm was used. To improve the accuracy
of the analytical estimation, the effective porosity F’¼ 1#
Vscaf_material=(hscaf*Achamber) of the scaffold was used instead
of the scaffold’s real porosity F¼ 1#Vscaf_material=Vscaf_entire,
where hscaf is the height of the scaffold, Achamber is the area of
the bioreactor’s scaffold chamber, Vscaf_material is the total
volume of the scaffold material, and Vscaf_entire is the entire
volume of the scaffold (volume of the scaffold material and
of the scaffold’s interstice).

Figure 1a–d show mCT images of the CG and calcium
phosphate scaffolds. Figure 1a and b show 3D views and

FIG. 1. Three-dimensional views of the collagen-glycosaminoglycan (CG) (a) and calcium phosphate (b) scaffolds. (c) and (d)
show cross-sections of the CG and the calcium phosphate scaffold, respectively.
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calcium-phosphate scaffold 
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The perfusion system seems then the best at least 
for tissue engineering of bone and cartilage tissues 
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Spinner flask Rotary vesselAxial perfusion

From Biomaterials 22, 1279, 2001

Static

Fig. 4. Alkaline phosphatase activity of seeded osteoblasts as a function
of culture condition and duration of culture: (a) activity per foam, and
(b) activity per cell. Flow system (light stripes, n"6), spinner #ask
(dark, n"6), rotary vessel (shaded, n"3), and static culture (dark
stripes, n"6). Error bars correspond to the standard deviation. An
asterisk indicates activity is statistically di!erent from that for static
culture for the same number of days in culture.

Fig. 5. Northern blot analysis of seeded cells cultured for 14 days and
probed for (a) glyceraldehyde 3-phosphate dehydrogenase mRNA, and
(b) osteocalcin mRNA. Cultured conditions include a spinner #ask
(lanes 1 and 2), a #ow system (lanes 3}5), static culture (lanes 6}8) and
a rotary vessel (lanes 9 and 10).

Fig. 6. Osteocalcin activity of seeded cells after 14 days in culture as
a function of the culture condition. Measurements correspond to the
average of the ratios of OC mRNA (Fig. 5b) to GAPDH mRNA (Fig.
5a) for each lane. Error bars correspond to the range for n"2 and
standard deviation for n"3.

this change was not signi"cant for any of the culturing
schemes examined.

OC expression could not be detected by Northern blot
at 7 days for any of the four culture conditions (data not
shown) but was observed by 14 days (Fig. 5). Quanti"ca-
tion of OC activity revealed similar levels of expression
for all foams except lanes 8 and 10 where expression was
below the level of detection. Consequently, no statistical
di!erences were observed in average expression (Fig. 6).
No explanation exists for the low expression observed for
lanes 8 and 10; these foams had ALP activity and cell
density similar to the others.

3.3. Cell distribution in foams

Analysis of histological sections was performed to
identify di!erences in axial cell distribution among cul-
turing systems. Although the inherent variation from
region to region was large (as demonstrated by the size of
bars for the standard error of the mean in Fig. 7a),
a su$ciently large number of regions was collected (n"8
or 12) that fundamental trends in the mean could be
rigorously examined. Three mathematical models were
considered to describe the cell distribution: a uniform
model (y"c), a linear model (y"bz#c), and a para-
bolic model (y"az!#bz#c). For foams cultured in the
#ow system and rotary vessel the cell distribution was
best described by the uniform model (Fig. 7b, closed data
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Obviously for tendon or ligament tissue engineering, 
bioreactor with traction mode are more adequate

26
From Processes 2014, 2(1), 167-179



Tissue engineering

i) General concepts

ii) Biomechanical considerations (evaluation, bioreactor)

iii) In vivo loading bioreactor

27



The classical strategy in bone tissue 
engineering could be modified

28

Scaffold Cells Growth factors
Biomechanics

(mechano-transduction)



Could we use the mechanical stimulation 
as an osteoinductor signal?

29

Mathieu et al. 2005 



A controlled in vivo mechanical loading 
system is developed

30

3 mm 

3 
m

m
 

In vivo model

Design of the study

- 7 rats
- loading started 2 weeks 
after surgery

10 N 4 Hz 5 min
5 loadings total (1 loading every 2 days)

Loaded

Control
From European Cells and Materials Vol. 19 2010 (pages 41-49) 



A controlled in vivo mechanical loading 
system is developed

31
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feasible as a drug-free intervention against bone loss. 
Indeed, a mechanical strategy has unique advantages 
over pharma ceutical therapy, as mechanical signals are 
both self- targeted (maximum strain will occur in the 
weakest loci in the bone matrix) and self-optimizing 
(increased bone formation in the weak loci will reduce 
strain, and thus inherently reduce the signal).

Although loading increases bone density and struc-
tural morphology in a normal healthy skeleton, exercise 
might not be as efficacious in preventing disuse-induced 
osteopenia or reversing bone density following loss.39 
Further, strenuous exercise, particularly in an already 
frail skeleton, might promote tissue microdamage or 
the fracture that the loading intervention was aimed 
to prevent.40 In that sense, an exercise-based strategy 
that incorporates high-magnitude strains to induce 
bone formation might be risky for elderly or disabled 
patients whose bones are already prone to failure, a risk 
compounded by the already compromised regenera-
tive potential of the bone marrow.41 Nevertheless, the 
identifica tion of specific mechanical signals that can 
be used as ‘therapy’ could still harness the sensitivity of  
bone to mechanical signals, and enable the omission  
of damage-inducing components of the load.

Low-magnitude mechanical signals
Results from animal studies and preliminary clinical 
studies suggest the feasibility of replacing the regulatory 
mechanical signals that decay as a function of aging or 
disuse with exogenously delivered mechanical stimula-
tion.42 The potential of using high-frequency, low-
 magnitude mechanical stimulation (LMMS) to improve 
the quantity and quality of skeletal tissue in animal and 
human studies is briefly summarized below; however, it 
is worth bearing in mind that these signals might also be 
anabolic to skeletal muscle,43 indicating that a ‘mechani-
cal strategy’ might extend beyond bone to address frailty 
in the musculoskeletal system.

In a first ‘proof-of-principle’ assessment of LMMS, 
mature female sheep that were subjected to a 1-year 
treatment of brief (20 minutes per day), low-magnitude 
(0.3 g), high-frequency (30 Hz) mechanical signals 
attained 30% increases in the trabecular density and 
volume of the femur compared with controls,35 paral leled 
by an increase in bone stiffness and strength (Figure 3).44 
These studies provided evidence that extremely small 
strains (<10 microstrain), far below those gener-
ated during strenuous activity,45 could readily serve as 
an abolic agents to bone.

LMMS has also been shown to slow the bone loss 
caused by disuse in adult female rats.46 Following 
1 month of disuse by hindlimb unloading, the proximal 
tibia showed bone formation had dropped to less than 
half that of age-matched controls. Even ‘disuse’ animals 
allowed to bear weight on their hindlimbs for 10 minutes 
per day had a similar suppression of bone formation. By 
contrast, a daily 10-minute exposure to LMMS delivered 
by an oscillating platform (90 Hz, 0.25 g) restored bone 
formation to levels seen in age-matched, weight-bearing 
control animals.46

Is bone strain driving the response?
That the deformation of the bone matrix generated in 
the tibia by LMMS was so small (<10 microstrain) yet 
these signals were both anabolic and anti-catabolic to 
bone suggested that tissue strain per se might not be the 
primary physical signal but might, instead, be masking 
the ‘real’ stimulus regulating bone cells. To examine 
whether bone strain was necessary to stimulate bone 
formation, adult mice were again hindlimb unloaded. 
While anesthetized and supine, the left hindlimbs of 
ex perimental mice were subjected to LMMS in the 
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Figure 2 | Interrelationship between loading cycles and bone adaptation. Using the 
turkey ulna model to determine the nonlinear interrelationship of cycle number and 
strain magnitude, bone mass can be maintained through a number of distinct 
strategies (line); bone is preserved with either four cycles per day of 2,000 
microstrain, 100 cycles per day of 1,000 microstrain, or hundreds of thousands of 
cycles of signals of well below 10 microstrain (each represented as a star).34 These 
data indicate that falling below this ‘preferred strain history’ would stimulate bone 
loss, while exceeding this interrelationship would stimulate bone gain. 

2 mm 2 mm

a b

Figure 3 | Low-magnitude mechanical signals are anabolic to bone. 
Microcomputed tomography of 1 cm cubes of trabecular bone from the distal femur 
of adult (8-year-old) sheep, comparing a | a control animal with b | an animal 
subjected to 20 minutes per day of 30 Hz (cycles per second) of a low-level (0.3 g) 
mechanical vibration for 1 year. The large increase in trabecular bone density 
results in enhanced bone strength, achieved via bone strain three orders of 
magnitude below those that cause tissue damage. These data suggest that 
mechanical signals need not be large to be anabolic to bone, and might represent 
a non-drug basis for the prevention or treatment of osteoporosis. Permission 
obtained from J. Bone Miner. Res. 17, 349–357 © (2002) American Society for 
Bone and Mineral Research.44
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A longitudinal in vivo µCT scanning is performed 
to evaluate bone formation in the scaffold

32

- Each leg is stretched and scanned separately

- CaHA fantoms and water tubes are used for 
calibration

- 7 scans performed between 2 to 35 weeks 
following implantation

- Bone volume fraction (BVF) is measured

2 weeks 13 weeks



BV
F

Short periods of initial loading increase the long 
term bone formation in the scaffold

33

18% increase in final bone volume (P<0.05)

Loading 
period



Bone formation and resorption in the scaffold is a 
dynamic process

34

From Bone, vol. 49, p. 1357-1364, 2011



Mechanical stimulation not only increased bone 
formation rate, … 

35

From Bone, vol. 49, p. 1357-1364, 2011

but also decreased bone resorption rate



The loading allowed to“functionalize” the 
“biological” competencies of the scaffold

36

Loading increases by 100% mech prop of scaffold



How can we translate the in vivo results into a 
clinical application?

37

Translational Aspect is Largely Missing 

4 

Translational Aspect is Largely Missing 

5 



Bone formation is faster in regions closer to the 
bone-scaffold interface

38

Materials and methods: 
Longitudinal observations 

•  Bone formation is faster in regions closer to the bone-scaffold 
interface 

32 Hypothesis: bone formation in scaffold is governed by a 
diffusion phenomenon

From Biomaterials, 32, 7006-7012, 2011



Bone formation in scaffold is described with a 
diffusion equation

39

Hypothesis: Bone Formation in Scaffold is 
Governed by Diffusion Equation 

17 

Chapter 1 

24 
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(1)

where c denoted the BVF, t was time in days, ��(mm2/day) was defined as the so-called scaffold 
osteoconduction coefficient, and � was the Laplacian. Considering axisymmetric geometry, 
Equation (1) was written as 
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(2)

where r and z were spatial variables of the coordinate system shown in Figure 1b.  

As BVF was higher in the surrounding bone tissue, we assumed that a bone flux exists from 
surrounding bone to scaffold, but that there was no flux at the scaffold-muscle interface. These 
hypotheses translated themselves in the following boundary conditions: 
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where R and H were the radius and height of the scaffold, respectively. We defined 
 (mm/day) 
as the so-called peri-scaffold osteoinduction coefficient, and � as the final BVF. As the scaffold 
was initially devoid of bone, the corresponding initial condition was 
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(5)

Employing the method of separation of variables, we solved Equation (2) with the defined 
boundary and initial conditions. The detail of the solution is given in the Appendix. Integrating 
over each region of interest inside the scaffold (��� in Figure 1b), we obtained the bone volume 
(BV) in each region ��� 

Roshan-Ghias A, Vogel A, Rakotomanana L, Pioletti DP, Biomaterials 32: 7006-7012. 

α: scaffold osteoconduction coefficient

Materials and methods: 
Mathematical model 

•  Diffusion equation was solved analytically in scaffold. 
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Boundary conditions

h: peri-scaffold osteoinduction coefficient
C: final bone volume fraction
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An analytical solution to the bone diffusion can be 
found
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Hypothesis: Bone Formation in Scaffold is 
Governed by Diffusion Equation 
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Chapter 1 
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where c denoted the BVF, t was time in days, ��(mm2/day) was defined as the so-called scaffold 
osteoconduction coefficient, and � was the Laplacian. Considering axisymmetric geometry, 
Equation (1) was written as 
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where r and z were spatial variables of the coordinate system shown in Figure 1b.  

As BVF was higher in the surrounding bone tissue, we assumed that a bone flux exists from 
surrounding bone to scaffold, but that there was no flux at the scaffold-muscle interface. These 
hypotheses translated themselves in the following boundary conditions: 
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where R and H were the radius and height of the scaffold, respectively. We defined 
 (mm/day) 
as the so-called peri-scaffold osteoinduction coefficient, and � as the final BVF. As the scaffold 
was initially devoid of bone, the corresponding initial condition was 

 	��� 
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(5)

Employing the method of separation of variables, we solved Equation (2) with the defined 
boundary and initial conditions. The detail of the solution is given in the Appendix. Integrating 
over each region of interest inside the scaffold (��� in Figure 1b), we obtained the bone volume 
(BV) in each region ��� 
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and regions. However, the model had only 3 unknown parameters
that were identified using the in vivo data. The model could
adequately fit the data and follow the pattern of bone formation at
all time points and in every region. The in vivo data and the pre-
dicted curves showed two different patterns of evolution of BVF
over time. In the regions further from bone, like R11, we observed
that curves are “s-shaped”, meaning that there is a period of slow
increase in rate of BVF (latency period) followed by a period of
significant increase in BVF. In the regions closer to the bone, curves
are more “exponential-shaped”, meaning that there is no latency
period and the rate of BVF is initially high but then it decreases with
time. One can expect that the larger the scaffold is, the longer the
latency period in the inner part of scaffold will be.

Comparing the result of case studies with our model subjected
our hypothesis to an additional test. In the case of the segmental
defect of rat femurs, the predicted and experimental values were
close, even though the scaffold used was PCL-TCP and the
implantation site was different. This does not imply that every
scaffold performs the same and all implantation sites have similar
osteoinduction capabilities. However, PCL-TCP scaffold [23] had
similar architecture to our scaffold and both were polymer-based
and contained TCP particles. It is interesting to note that the char-
acteristic time needed for the segmental defect to heal is more than
6 years. It confirms that the rat femoral model [23] is a critical size
defect, i.e. it does not heal during the life time of the animal. In the
case of small perforations in mice femurs [24], our model resulted
in BVF values close to the reported values, despite the fact that the
animal model is different. Similar observations have been reported
before in a bone chamber study where no significant differencewas
found between the bone ingrowth rate in rats and goats [31]. In
a recent study, a contradictory result has been reported where it
has been proposed that bone healing process is probably different
between rat and sheep [32]. While this species dependency of the
parameters is not by itself a limitation of the proposed model,
generalization of identified parameters between species should be
verified by experimental data.

The basic assumptions in our model were the governing law, i.e.
the diffusion equation, and the type of boundary conditions. The
reaction-diffusion model is the main equation in modeling cell
migration [2], bone growth [26], bone healing [27], tumor growth
[28], and angiogenesis [29]. In our study, we considered the case
where the scaffold was not seeded with osteogenic cells or loaded
with growth factors, hence we neglected the reaction term. As the
boundary condition, we assumed that the only source of bone
formation is a flux of bone tissue at the boneescaffold interface into
the scaffold. Indeed, if the scaffold is seeded with osteogenic cells

prior to implantation, the model could be extended into a reaction-
diffusion model by introducing a reaction term. The reaction term
should then be identified with experimental data. In fact, the
results of this study suggest that for larger scaffolds, one cannot rely
only on the cells stemming from neighboring tissues, but an
internal source of bone formation is needed. Although this is
already known, the advantage of our model is its ability to predict
the maximum size of scaffold that could be used without osteo-
genic factor while still supporting bone formation in a reasonable
amount of time.

In this study, we introduced several new parameters. The scaf-
fold osteoconduction coefficient, a, is a property of scaffold and it
depends on the material, surface properties, and architecture of
scaffold. It also depends on the ease with which cells and other
biological agents diffuse inside the scaffold. The peri-implant
osteoinduction coefficient, h, is a property of the surrounding
tissue and it depends on the species, age, site of implantation,
vascularity of the surrounding tissue, and the quality of the inter-
face between scaffold and bone [13]. The value of the peri-implant
osteoinduction coefficient could then varied between different
clinical situations. C is defined as the final BVF in the scaffold. The
value of C depends on the architecture of the scaffold, particularly
the porosity and surface area of the scaffold. If the scaffold is not
porous enough, there is less room for forming bone. Also as bone
forms around the pore walls, we can expect to have higher BVF in
scaffolds with a higher surface area.

Table 1
The estimated values of C, a, h.

Parameter Unit Estimation Confidence interval

C % 0.6859 !0.0329
a mm2/day 0.0041 !0.0005
h mm/day 0.0073 !0.0012

Table 2
Comparison between the experimental and predicted BVF for the three cases.

In vivo experiment Time
points

Experimental
BVF (%)

Predicted
BVF (%)

Rat distal femur (this
article)

7 Weeks 19 ! 2 24
22 Weeks 41 ! 7 47

Segmental defect in rat [23] 3 Weeks 1.4 ! 0.2 1.9
12 Weeks 4.2 ! 1.0 5.7

Cortical perforation in
mice [24]

14 Days 45 ! 13 36
28 Days 58 ! 8 52

Table 3
Dimensionless numbers, characteristic time and length for the three in vivo cases.
Although the Fourier number is the same for small cortical perforation model [24]
and the large segmental defect [23], the characteristic time is massively different.
Ten times change in the characteristic length between the two models results in 85
times change in the characteristic time.

In vivo
experiment

Characteristic
length (mm)

Biot
number

Fourier
number

Characteristic
time

Rat distal femur 1.5 2.67 0.40 31 Weeks
Segmental defect

in rat [23]
4 7.12 0.61 6.5 Years

Cortical
perforation
in mice [24]

0.4 0.80 0.60 4 Weeks

Fig. 5. The relation between Fourier and Biot number such that scaffold is filled with
75% of final BVF, C. The graph shows a clear bimodal behavior, where for low Bi values,
there is an inverse relation between Bi and Fo, and for high Bi values, the Fo is constant.
h dominant means that scaffold does not play a key role in healing, while a dominant
implies that if scaffold is not osteoconductive enough (higher a), osteogenesis is
impaired.
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Can the diffusion equation predict bone 
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In vivo 
experiment

Time points Experimental 
BVF (%)

Predicted BVF 
(%)
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Rat distal femur 
(this study)

7 weeks 19 ± 2 24

22 weeks 41 ± 7 47

Results: 
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Segmental 
defect in rat1

3 weeks 1.4 ± 0.2 1.9

12 weeks 4.2 ± 1.0 5.7
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Cortical 
perforation in 

mice2

14 days 45 ± 13 36
28 days 58 ± 8 52

1 Rai et al., J Biomed Mater Res A, 2007 
2 Monfoulet et al, Calc Tissue Int, 2010 



Based on the diffusion model, a translation of the 
rat in vivo results is proposed
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Translational Aspect is Largely Missing 
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Clinical application: Scaffold as bone 
substitute for RKA 

•  Revision Knee Arthroplasty (RKA) 

Biodegradable Scaffold 

Current solution New solution 
9 

Metallic Spacer 

Clinical application: Scaffold as bone 
substitute for RKA 

•  Revision Knee Arthroplasty (RKA) 

•  Defects located in load-bearing regions 

Biodegradable Scaffold 

Current solution New solution 
10 

Metallic Spacer 

Mechanical 
Stimulus 



The bone formation in and mechanical property of 
the scaffold are predicted (3 years post-implantation) 
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Tissue engineering

i) General concepts

ii) Biomechanical considerations

iii) In vivo bioreactor
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