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Abstract The shear stresses in printed scaffold systems
for tissue engineering depend on the flow properties and
void volume in the scaffold. In this work, computational
fluid dynamics (CFD) is used to simulate flow fields within
porous scaffolds used for cell growth. From these models
the shear stresses acting on the scaffold fibres are calculated.
The results led to the conclusion that the Darcian (k1) per-
meability constant is a good predictor for the shear stresses
in scaffold systems for tissue engineering. This permeabil-
ity constant is easy to calculate from the distance between
and thickness of the fibres used in a 3D printed scaffold.
As a consequence computational effort and specialists for
CFD can be circumvented by using this permeability constant
to predict the shear stresses. If the permeability constant is
below a critical value, cell growth within the specific scaffold
design may cause a significant increase in shear stress. Such
a design should therefore be avoided when the shear stress
experienced by the cells should remain in the same order of
magnitude.
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1 Introduction

Tissue engineering applies the principles of biology and engi-
neering to the development of functional substitutes for
damaged tissue such as skin, cartilage or bone (Langer and
Vacanti 1993). The core materials used in tissue engineering
are different types of cells, for example fibroblasts, chondro-
cytes or mesenchymal stem cells (MSCs).

To establish a tissue culture, expansion and differentiation
of cells is needed. This expansion and differentiation should
preferably occur in a physiological environment which is
closer to the cells’ native environment. To achieve this, bio-
reactor systems may be used. One way to culture cells in vitro
is in a perfusion bioreactor housing a three-dimensional (3D)
scaffold. Other options include two-dimensional (2D) poly-
styrene tissue culture flasks, spinner flasks, where the cells
are usually grown on microcarriers, and hollow-fibre reac-
tors, where the cells are attached to the outside of the fibres
(Pörtner et al. 2005).

In a perfusion system, the cells may be attached to printed
scaffolds (see Fig. 1 as an example), which can be fabri-
cated using 3D printing technology consisting of fibres of
the copolymers polyethylene oxide terephtalate (PEOT) and
polybutylene terephtalate (PBT) with polyethylene glycol
(PEG) starting blocks (Moroni et al. 2006). Many other types
of scaffold are nowadays available with varying architec-
tures, composite materials and surface chemistries. Scaffolds
provide a large surface area that facilitates the attachment,
survival, migration, proliferation and differentiation of cells
(Muschler et al. 2004). Furthermore, the scaffold contains
void spaces to allow mass transport to take place through con-
vection and diffusion (Karande et al. 2004). The advantage of
printed scaffolds is that they have a formally designed regular
structure, which is reproducible. This offers the potential for
greater control and a better prediction of the fluid flow within
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Fig. 1 Scaffold architecture with perpendicular fibres (Moroni et al.
2006)

the scaffold compared to random structures (Muschler et al.
2004). A possibility could therefore be to use the regular 3D
printed scaffolds for the culture of undifferentiated MSCs,
chondrocytes or endothelial cells and investigate the effect
of fluid flow on the growth of the different cell types. If this
concept is understood, a next step could be to cause specific
cell differentiation of the MSCs as a result of a difference in
fluid flow.

The flow of medium through the scaffold is necessary to
provide the cells with nutrients and oxygen and flush out the
metabolic products. The success of cell attachment to the
scaffold depends on the flow regime. High flows cause high
shear stress (Martin and Vermette 2005) and prevent attach-
ment of cells to the scaffold surface, already attached cells
may be damaged or hindered in proliferation. Shear stress is
also considered as an important parameter for in vivo sys-
tems. Wang and Tarbell (2000) found by experiments for
smooth muscle cells that with increasing shear stress the pro-
duction of prostaglandins increased. The results of Wang and
Tarbell (2000) indicate that the blood flow rate plays a role
in the signal communication system from the blood vessels
to the smooth muscle cells.

When designing a scaffold, the shear stress that acts on the
fibres of the scaffold on which the cells grow must therefore
be considered as a design parameter. Shear stress is propor-
tional to the velocity gradient and is a function of design
parameters such as fibre diameter and distance between the
fibre centres and operational variables such as fluid velocity.

Martin et al. (2004) argue for the use computational tech-
niques to predict the effect of flow conditions in bioreac-
tors used for tissue engineering. Boschetti et al. (2006) apply
computational fluid dynamics (CFD) calculations to a
3D-scaffold structure. Their work shows that the porosity,
i.e. the void volume in the scaffold, is an important variable
that affects the shear stress in scaffold systems. A conclusion
from their work could be that prediction of the shear stress
can only be obtained from CFD calculations. However, if we
realize that the pressure drop caused by fluid-wall interaction
in a structure is proportional to permeability of the structure,

then it is also an option to link the shear stress to permeability
constants. Wang and Tarbell (2000) use the permeability con-
stant from Darcy’s law to derive the average shear stress from
experiments on a collagen gel. The permeability constant was
determined using the viscosity of the perfusing medium, the
measured volumetric flow rate, the cross-sectional area and
the imposed pressure drop over the length of the reactor.

In this work the shear stress in a regular printed scaf-
fold is calculated with CFD. CFD calculations demonstrated,
just as in the work of Boschetti et al. (2006), that the shear
stress varies with the porosity of the scaffold. The Darcian
permeability constant in the Forchheimer equation showed
good results as predictor of shear stress and was independent
of scaffold parameters like porosity. With these findings the
shear stress in scaffolds can directly be predicted from the
Darcian permeability constant without doing extensive CFD
calculations.

Actual measurement of shear stress in the dimensions of
scaffolds used for cell growth is not yet possible. The only
experimental option is to investigate the cells’ phenotype in
response to shear stress. The focus of this work, however, is
on finding a relationship between scaffold design and shear
stress. To obtain a visual indication on how and where cells
grow on a regular 3D printed scaffold, goat mesenchymal
stem cells (gMSCs) were cultivated in a dynamic perfusion
system.

2 Methods

2.1 CFD-calculations

In the fluid domain, the Navier–Stokes equation for incom-
pressible fluid dynamics was solved. The equation is as fol-
lows:

ρ
∂u

∂t
− η∇2u + ρ(u · ∇)u + ∇ p = F

(1)
∇ · u = 0

where ρ is the fluid density (kg m−3), u is the velocity field
(m s−1), t is the time (s), η is the dynamic viscosity of the
fluid (kg m−1 s−1), ∇ is the del operator, p is the pressure (Pa)
and F represents other forces (gravity or centrifugal force)
(in this case F = 0).

The steady state equation was applied because the cell
cultivation in a perfusion system is mainly in steady state.
Furthermore, when the system is disturbed, it will restore
itself quickly.

Assuming the fibres of the scaffold and the wall of the bio-
reactor to be rigid and impermeable, no-slip boundary con-
ditions were applied to the surfaces of the fibres and the wall
of the bioreactor. The culture medium flows in the positive
z-direction. At z = 0, the boundary condition was set to a
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specific inlet velocity with only a z-component. The bound-
ary condition at the outlet was set to normal flow/pressure
with null pressure.

For laminar flow, the wall shear stress is defined by the
normal velocity gradient at the wall as:

τw = η
∂ν

∂n
(2)

where τw is the wall shear stress (Pa), η is the dynamic vis-
cosity of the fluid (kg m−1 s−1), v is the fluid velocity (m s−1)
and n is the x-, y- and z-direction (m).

CFD models of the fluid flow through different scaffold
designs were set-up and solved in the modelling package
COMSOL Multiphysics 3.3. The computations were carried
out on a PC with 10 Gb of RAM. The solver GMRES, which
is an iterative solver, was used to simulate the fluid flow
through the different scaffold designs. A predefined mesh
size, called ‘fine’, was used to divide the fluid domain into
elements. The maximum element size scaling factor for this
predefined mesh was 0.8, the element growth rate 1.45, the
mesh curvature factor 0.5, the mesh curvature cut-off 0.02
and the resolution of narrow regions 0.6.

In 3D the total wall shear stress is calculated based on
the shear stress acting in the x-, y- and z-direction using
Pythagoras’ theorem. CFD calculations with COMSOL
allow the export of shear stress values in the x-, y- and
z-direction at points along the edges which make up the scaf-
fold model. Data from COMSOL was exported to calculate
the average and maximum shear stress found for specific
scaffold designs. The average shear stress is an indication of
the amount of shear stress that most cells will likely experi-
ence within the scaffold system. The maximum shear stress
is an indication of the extremities of the scaffold system with
respect to the shear stress. Some cells may experience these
extremities within the scaffold system.

2.2 Porosity and permeability constants

One-way to characterise a scaffold design is in terms of
porosity (ε) (Boschetti et al. 2006), whereby the porosity
is defined as the percentage of void volume within the total
volume of the scaffold. For a scaffold section, for which the
width of the section equals the length and two fibres are pres-
ent per layer, the porosity is given by:

ε =
(

1 − 2πr2nl

wh

)
100 (3)

where r is the fibre radius (m), w is the width of scaffold sec-
tion (m), nl is the number of fibre layers and h is the height
of scaffold section (m).

Permeability is a measure of the ability of a porous medium
to transmit fluids through its interconnected pores or chan-
nels. Two permeability parameters, known as the Darcian, k1,

and the non-Darcian, k2, permeability constants, can be found
in the Forchheimer equation (Innocentini et al. 1999). The
Darcian permeability constant is related to the pure laminar
flow properties while the non-Darcian permeability constant
represents deviations from laminar flow. The Forchheimer
equation states that for an uncompressible fluid, the pressure
drop through a rigid and homogeneous porous medium is
given by:

�P

L
= η

k1
ν + ρ

k2
ν2 (4)

where �P is the pressure drop (Pa), L is the path length (m),
η is the dynamic viscosity of the fluid (kg m−1 s−1), k1 is
the Darcian permeability constant (m2), v is the fluid velocity
(m s−1) and k2 is the non-Darcian permeability constant (m).

Ergun proposed empirical expressions to describe the
two permeability parameters for packed columns made of
grains (Innocentini et al. 1999; Nield and Bejan 2006). These
expressions are:

k1 = ε3d2

150(1 − ε)2 (5)

k2 = ε3d

1.75(1 − ε)
(6)

where ε is the porosity (as defined by Eq. 3) and d is the mean
particle diameter of the medium in the packed column (m).

In scaffolds the flow is around fibres instead of around
grains that make up a packed bed. This means that to eval-
uate k1 and k2 the mean particle diameter of the grains (d)
has to be replaced by a structural property of the scaffold.
Here d is defined as the diameter of the scaffold fibres as
representation of the effective scale of the microstructure.

If the fluid velocity through the scaffold is taken to be
100 mm s−1 and the fibre radius 75 mm, a Reynolds num-
ber equal to 7.5 × 10−3 results. Turbulent flow occurs for a
Reynolds number larger than 1. This leads to the conclusion
that while k1 will be relevant in the transmittance of fluid
through a scaffold and with a velocity of these dimensions,
k2 will not be.

2.3 Cell cultivation

Janssen et al. (2006) developed a perfusion bioreactor system
capable of producing clinically relevant volumes of tissue-
engineered bone on macro porous biphasic calcium phos-
phate scaffolds. This system was used for the cultivation
of gMSCs on regular 3D printed scaffolds, consisting of
fibres of the copolymers PEOT and PBT with PEG starting
blocks and fabricated as described by Moroni et al. (2006).
The k1 value in the system was 2.28 × 10−10 m2. 10 mil-
lion gMSCs were used to dynamically seed a scaffold for
4 hours with a superficial velocity of 100 mm s−1. During
cultivation medium was pumped through the scaffold with
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the same superficial velocity as was used during seeding. The
medium (300 ml) was refreshed every 3 days.

After 14 days of cultivation the scaffold was removed
from the system and fixed in 1.5% glutaraldehyde, 0.14 M
cacodylic buffer, pH 7.2–7.4 adjusted with 1 M hydrochlo-
ric acid (HCl). The fixed scaffold was placed in phosphate
buffered saline (PBS) to cut into smaller sections. The sec-
tions were dehydrated and subsequently dried with a CO2

critical point dryer, CPD 030 (Balzers). The sections were
coated with gold using a sputter coater, 108 Auto (Cres-
sington) before examining them using a scanning electron
microscope (SEM), XL 30 SEM FEG (Philips) at 10 kV.

3 Results and discussion

3.1 CFD-calculations

In Fig. 2a the shear stress acting on the side edge of a fibre
present in two layers at different heights in a scaffold is given.
The scaffold consists of five crossing fibres. Figure 2b is a
schematic drawing of the fibre and cross-fibres for which the

shear stress values are displayed in Fig. 2a. The maxima of
the curves in Fig. 2a are the shear stress values found within
the pores of the scaffold. The minima are the shear stress val-
ues found where two fibres cross perpendicularly. The values
left in the graph concern the shear stress at positions along the
fibre close to the wall and the other values the shear stress
at positions towards the centre of the scaffold. The results
indicate that the “wall” effect concerns only a small part of
the fibre. Along the rest of the fibre, a repetitious shear stress
pattern can be observed. This conclusion is also valid for
scaffolds with other fibre diameters and distances between
the fibres.

Scaffolds used for tissue engineering concern over twenty
crossing fibres in each layer. For such systems the “wall”
effect is negligible. Therefore the shear stress is well repre-
sented by a section of the scaffold as given in Fig. 3. In Fig. 3
a small section of the scaffold is shown. The width and length
of the section are equal to twice the distance between the cen-
tres of the fibres. The boundary conditions applied to the four
sides are slip/symmetry.

Using this approach it is possible to simulate the fluid
dynamics within scaffolds that consist of thinner fibres, more

Fig. 2 Shear stress acting on
the side edge of fibres present in
two layers at different heights in
a scaffold. a Shear stress values
at the fibres. b Position of
cross-fibres and wall in the
system. The scaffold consists of
five crossing fibres. Inlet
velocity = 100 mm s−1. Radius
of fibres = 130 mm. Distance
between the centres of the
fibres = 600 mm
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Fig. 3 A small section of a scaffold containing three layers of fibres at
90◦, length and width of section = 1.2 mm, height of section = 1.3 mm,
radius of fibres = 130 mm, distance between centre of fibres = 600 mm

layers of fibres and smaller distances between the fibre centres
than the scaffold used for the calculations of which the out-
comes are displayed in Fig. 2a. The velocity profile within a
scaffold section consisting of 32 layers of fibres, with a fibre
radius of 75 mm and a distance between the fibre centres of
300 mm can be seen in Fig. 4a. Figures 4b and c are close-ups
for the velocity profile in between two crossing fibres and at
a crossing fibre.

3.2 Porosity and permeability constants

As seen in Fig. 5 the average and maximum total shear stress
increases with decreasing porosity. These results are in line

with the findings of Boschetti et al. (2006) and were expected
as with decreasing porosity there is less space for the fluid to
flow causing steeper velocity gradients. Hence higher shear
stresses will act on the surfaces of the scaffold fibres.

In the studied range, the maximum total shear stress is
between 2.5 and 4.1 times larger than the average total shear
stress. The difference between the maximum and average
total shear stress increases with decreasing porosity. Below
50% porosity and certainly below 40% porosity, the total
shear stress starts to rise significantly.

The relationship between the average and maximum total
shear stress and porosity depends on the distance between the
centres of the fibres. This means that porosity alone is not a
sufficient indicator for characterising the shear stress within
the scaffold. Another scaffold characteristic is therefore nec-
essary. Ideally, this scaffold characteristic should allow the
estimation of the average and maximum shear stresses found
within the scaffold design without having to carry out CFD
calculations.

When the average and maximum shear stresses are plotted
against the Darcian (k1) permeability constant, the depen-
dence of the average and maximum shear stress on the dis-
tance between the centres of the fibres becomes minimal
(Fig. 6). k1 can thus be used as a scaffold characteristic to
estimate the average and maximum shear stress acting on the
fibres of a scaffold without having to carry out CFD calcula-
tions. The permeability constant allows the quick assessment
of the effect of scaffold design on the shear stresses acting
on the fibres of the scaffold. The figure shows that the maxi-
mum and average shear stresses are nearly constant for high
values of k1. For low values the scaffold design is very shear

Fig. 4 Velocity profile of the
fluid within a porous scaffold
consisting of 32 layers of fibres,
radius of fibres = 75 mm,
distance between fibre
centres = 300 mm. Inlet
velocity =100 mm s−1.
a Velocity profile within
complete scaffold. b Close-up
of the flow profile in between
two crossing fibres. c Close-up
of the profile at a crossing fibre
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Fig. 5 Average and maximum
total shear stress as a function
of relative porosity at varying
distances between the centres
of the fibres. Inlet
velocity = 100 mm s−1

sensitive, which can be useful when designing scaffolds for
experiments where shear stress wants to be actively induced.

Below a Darcian (k1) permeability constant of about
1 × 10−10 m2, small changes in porosity or changes in the
shortest distance between the fibres have a large effect on the
average total shear stress. These values for the k1 can thus be
seen as critical values for an inlet velocity of 100 mm s−1.

Wang and Tarbell (1995) use the Brinkman model to cal-
culate the average wall shear stress on smooth muscle cells
located in an artery wall. The muscle cells are modelled as a
periodic array of cylindrical objects. They express the aver-
age shear stress as a function of the cell concentration (C),
the Darcian permeability constant (k1), the fluid velocity (v)
and the dynamic viscosity of the fluid (η):

τw = Bηv√
k1

(7)

where the constant B is a function of the cell volume (C) in
a volume element:

B = 4

π

1 − 0.319285C2 − 0.043690C4√
(1 − C − 0.305828C4)(1 + C − 0.305828C4)

(8)

At a cell concentration of zero, B becomes equal to 4/π .
A plot of the Brinkman model at zero cell concentration can
be seen in Fig. 6. We can see that at high values of k1 the
Brinkman model predicts the computed average shear stress
data. At low values of k1 the Brinkman model at zero cell
concentration starts to deviate.

In our work instead of the cell concentration, the porosity
of the scaffold (ε) is used. ε is a function of the fibre diam-
eter and the distance between the centres of the fibres. With

ε = 1−C , the Darcian permeability constant defined in Eq. 5
becomes:

k1 = (1 − C)3d2

150C2 (9)

The expression shows that two different scaffold struc-
tures with the same value for C or ε can have different val-
ues for k1. Therefore plotting the average shear stress against
the Darcian permeability constant will yield different lines
for the shear stress depending on the fibre diameter and the
distance between the centres of the fibres. However, in Fig. 6
we see only small variations between the lines. The reason
for this result might be the complexity of the scaffold struc-
ture with crossing fibres compared to the system considered
by Wang and Tarbell (1995) with parallel fibres. In addi-
tion, Swartz and Fleury (2007) suggest that differences arise
between the solution from the Navier–Stokes equation, as
used in our work, and the Brinkman model, as used by Wang
and Tarbell (1995), because the Navier–Stokes equation takes
into account the exact location and dimensions of the fibres.

The average (τwavg) and maximum (τwmax) shear stress
data in Fig. 6 were fitted with the following power functions:

τwavg = 9.82 × 10−12k−0.914
1 (10)

τwmax = 3.36 × 10−10k−0.807
1 (11)

Equations 10 and 11 could be used by scaffold design-
ers to quickly have an indication of what average and maxi-
mum shear stress values one can expect in a specific scaffold
design.

The local shear stress is also linked to the permeability
constant k1. Figure 7 shows the local shear stress acting
on the side edge of a fibre, which is crossed by two other
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Fig. 6 Average and maximum
total shear stress as a function of
the Darcian permeability
constant, k1, at varying distances
between the centres of the fibres.
Inlet velocity = 100 mm s−1.
The average total shear stress
graph includes a fit based on the
Brinkman model at zero cell
concentration. Both the average
and maximum total shear stress
graphs include a power function
fit of the computed data

fibres at 2 × 10−4 and 6 × 10−4 m, for varying k1 values.
As was seen in Fig. 6 the shear stress decreases for increas-
ing k1 values. The large difference in shear stresses for a k1

value of 1.20 × 10−10 and 6.35 × 10−11 m2 could also be
observed in Fig. 6. As was mentioned above, k1 values below
1×10−10 m2 are critical values as small changes in the scaf-
fold dimensions (i.e. a small increase in the diameter of the
fibre due to cell growth) will have a large effect on the shear
stress.

The shear stress is related to the linear flow velocity within
the scaffold. The graph of average total shear stress as a
function of the Darcian (k1) permeability constant therefore
depends on the inlet velocity. In Fig. 8 the effect of varying
linear inlet velocity on the average and maximum total shear

stress is shown. The graphs display the average and maxi-
mum total shear stress set out against k1 for two different
linear inlet velocities.

As the inlet velocity is changed from 100 mm s−1 to
300 mm s−1 the average and maximum total shear stresses
are also tripled. This result, which corresponds with the work
of Wang and Tarbell (1995), indicates that the flow is in the
laminar region (as was expected based on the low Reynolds
number), where the wall shear stress is directly proportional
to the normal velocity gradient at the wall. This leads to the
conclusion that as long as the flow is laminar the average
and maximum total shear stress can be calculated for differ-
ent inlet velocities from the shear stress found for an inlet
velocity of 100 mm s−1.
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Fig. 7 Shear stress acting on the side edge of a fibre, which is crossed
by two other fibres at 2 × 10−4 and 6 × 10−4 m , for varying k1 val-
ues. Distance between the centres of the fibres = 400 mm. Inlet veloc-
ity = 100 mm s−1

3.3 Cell cultivation

Figure 9 shows a SEM photograph of gMSCs and extra-
cellular matrix (ECM) attached to a printed scaffold. It can
be seen that cell growth and ECM deposition results in a
slight increased fibre diameter and decreased porosity. The
Darcian permeability constant will therefore decrease. When
a scaffold design is made whereby the permeability constant
is around or below the critical value, cell growth within the
scaffold may cause a significant increase in shear stress. Such
a design should therefore be avoided when the shear stress
experienced by the cells should remain in the same order of
magnitude.

Fig. 9 Scanning electron microscope (SEM) photograph of goat mes-
enchymal stem cells (gMSCs) and extracellular matrix (ECM) attached
to printed scaffolds, consisting of fibres of the copolymers polyeth-
ylene oxide terephtalate (PEOT) and polybutylene terephtalate (PBT)
with polyethylene glycol (PEG) starting blocks. The k1 value in this
system was 2.28 × 10−10 m2, photograph was taken after 14 days of
cultivation with a superficial medium flow velocity of 100 mm s−1

Cell growth may occasionally take place from one fibre to
the next. The shear stress experienced by these cells were not
incorporated in the CFD calculations as the largest amount
of cells cover the fibres and lead to an increase in fibre diam-
eter. In addition, non-smooth cell coverage of the scaffold
may increase the friction factor between the fluid and the
scaffold. The effect of non-smooth deposition is difficult to
predict as there are so many possible options for coverage.

Figure 9 also gives a visual indication that cells grow
the best around the crossings of the fibres. The location of

Fig. 8 Effect of a difference in
linear inlet velocity on the
average and maximum total
shear stress. The average total
shear stress is displayed as a
function the Darcian
permeability constant, k1, at a
distance of 300 mm between
the centres of the fibres.
Inlet velocities = 100 and
300 mm s−1
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low shear stress values at these points is one possible rea-
son for the higher cell concentration at these fibre cross-
ings. Another possibility is that the geometry around the
fibre crossings is preferential for cell growth. To distinct
both mechanisms additional experiments are required. For
example, an experiment in which very low values of shear
stress are used. Low values of shear stress can be achieved
either by varying the design parameters of the scaffold such
as by increasing the distance between the fibres or by vary-
ing the operational variables such as by decreasing the fluid
velocity. If the geometric properties of the crossings are dom-
inant for cell growth, then the cells will again have preference
for the crossing. If shear stress is dominant, then a uniform
coverage of the fibres will occur.

4 Conclusions

Shear stress is an important variable for in vivo systems and
in vitro cultivation of cells in bioreactors. Too high shear
stress prevents attachment of the cells to the scaffold struc-
tures, may damage cells and hinder proliferation. Modern
computational techniques as CFD allow the calculation of
the shear stress in different scaffolds. However, the CFD
calculation request for a high computational capacity and
specialists to translate the scaffold structure into a CFD
computer program.

By performing CFD calculations on printed scaffolds,
this work demonstrates that CFD calculations can be
circumvented in the future by using the Darcian (k1)
permeability constant as indicator for shear stresses. Cal-
culation of this constant from Eqs. 3, 5, 10 and 11 allows
a quick assessment of the effect of scaffold design on the
average and maximum shear stress acting on the fibres of
a printed scaffold. If the permeability constant is below a
critical value, the shear stress will be too high for effec-
tive cultivation. Moreover, with cell growth at the fibres of
the scaffold the permeability of the scaffold can decrease
and may result in a significant increase in shear stress if
the permeability constant is around the critical value. Such
a design should therefore be avoided when the shear stress
experienced by the cells should remain in the same order of
magnitude.

We expect that the Darcian permeability constant can play
a similar role in estimating the shear stress in other scaffold
structures and also for characterizing irregular systems. How-
ever, these applications must be validated.
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