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The experimental mechanostimulation of biological cell and tissue test samples has become a standard method in biomechanics re-
search. In order to apply a static or a dynamic mechanical load on biological tissue a variety of different devices for the mechanostimulation
have been developed. While cyclic load applications are typically restricted to sinusoidal or rectangular stimulation patterns, a device for
more complex dynamic stimulation patterns which would simulate, for instance, the dynamics during mechanical ventilation does not exist.
The dynamic alveolar recruitment/derecruitment has been identified as one of the main causes of ventilator-induced lung injury. Therefore,
there is a demand for an experimental ventilation-analogue mechanostimulation of the pulmonary cells and tissue. Here, we present our
mechanostimulator combined with a new driving system which is able to produce the ventilation-analogue patterns of a dynamic mecha-
nostimulation. In an experimental setting where the test samples were simulated by silicone-membranes in single-, double- and fourfold
membrane configuration, we varied the stimulation amplitude from 5% to 60% surface increase and stimulation frequencies ranging from
15/min to 2000/min. Furthermore, the frequency components of mechanical load applied to the sample at sinusoidal, rectangular and ventila-
tion-analogue mechanostimulations were analyzed by means of a Fast Fourier Transform (FFT). The system allows for a homogeneous
mechanostimulation with various temporal profiles which may include frequency components of up to 20 Hz. The relative amount of me-
chanical load applied to the sample at the main stimulation frequency was 76% during sinusoidal stimulation, 35% during the rectangular
stimulation, and 29% to 42% during ventilation analogue stimulation.
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cytoskeleton remodelling and other cellular proc-

esses [1], [2]. Most mechanostimulators mediate
their mechanical load via an uniaxial or biaxial

1. Introduction

Mechanical stimulation is one of the major
physiological and environmental influences to which
the biological tissue reacts in the living organism.
Therefore, one major topic of the current research in
biomechanics is related to the influence of the me-
chanical stimulation of the biological tissue and
cells. In in vitro experiments a mechanical load is
applied to biological tissues and cell-layers to inves-
tigate the cell differentiation, cytokine production,

stretch to the sample under test [3], [4]. Typically,
these mechanostimulators induce a highly specific
mechanical load to the biological test sample.

The devices for an experimental mechanostimula-
tion described in the literature differ with respect to
the primary modalities of their mechanical loading
condition [5]. Experimental mechanostimulator de-
vices typically allow for the application of a static and
a dynamic load. Static mechanical load results in
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a constant uniaxial or biaxial stretching or compres-
sion with a preset elongation. Dynamic mechanical
load is typically restricted to a sinusoidal or rectangu-
lar profile with a preset frequency (table 1). However,
dynamic mechanostimulations which occur in the
living organism, e.g., the ones associated with the
cardiovascular or respiratory system, are characterized
by cyclic load profiles which are by far more complex
than a sinusoidal or rectangular pattern.

With respect to mechanical ventilation it is gener-
ally accepted that the cyclic alveolar recruitment/
derecruitment, which is associated with considerable
mechanical shear stress in the alveolar parenchyma, is
one of the major causes of ventilator-induced lung
injury (VILI) [6]. The cyclic alveolar recruitment/
derecruitment and hence VILI is associated with
a temporal ventilatory pattern that is considerably
influenced by the lung mechanics. The lung mechan-
ics affect, for instance, the dynamics of the expiration.
The time-constant for the passive expiration is defined
by the compliance and resistance of the respiratory
system and the artificial airways [7]. To investigate
the effects of the ventilation dynamics on the isolated
pulmonary cells or tissue, a simulation of these dy-
namics with an experimental mechanostimulator de-
vice is required.

Here, we present a new system combining a me-
chanostimulator with a linear motor drive which
allows the simulation of complex dynamic profiles of
mechanical load. The purpose of the study was to
test the system under a variety of dynamic mecha-
nostimulation patterns (i.e., sinusoidal, rectangular
and ventilation-analogue) and to analyze the fre-
quency components of these patterns quantitatively
using a Fast Fourier Transform. We used self-made
polydimethylsiloxane (PDMS) membranes as test
samples instead of soft biological tissue which shows
unknown variances in its mechanical characteristics.
The test samples were deflected with sinusoidal,
rectangular and ventilation-analogue stimulation
patterns and the resulting stress-strain profiles were
analyzed in terms of amplitude and frequency com-
ponents.

2. Materials and methods

2.1. Mechanostimulator

We used a mechanostimulator, developed by our
group, for the mechanostimulation and measurement

of the counterpressure resulting from the sample’s
response to mechanical load [8], [9]. The mecha-
nostimulator served as an environment for the culti-
vation and mechanostimulation of flat biological tis-
sue samples like cellular monolayers or thin tissue
slices, e.g., precision cut lung slices [10] or isolated
diaphragms of small animals [11]. It consists of two
chambers which are separated by a highly flexible im-
permeable silicone membrane. The sample is placed on
this membrane either circumferentially fixed by
clamping in the case of tissue, e.g., precision cut lung
slices [10] or diaphragms [11], or directly adhered to
the surface of the PDMS membrane, in the case of
cells. On one side, the lower chamber, or pressure
chamber, is connected to a piston pump whose posi-
tion is controlled by a linear motor (figure 1). On the
other side the pressure chamber is attached to a pres-
sure measuring device. The upper chamber serves as
a supply chamber to provide nutrition to the tissue
sample under test.

In the mechanostimulator, a biaxial load is exerted
by applying the bubble inflation technique [12].
Therefore, a defined fluid volume is displaced into the
pressure chamber below the sample. The pressure
inside this chamber results from the sample counter-
force against deformation and thus represents the me-
chanical stress of the tissue sample. By measuring the
pressure and the tissue-deforming volume, the secant
modulus of the sample during the deflection can be
determined [8].

2.2. Membranes

When investigating biological tissue samples an
air tight sealing between the pressurized space below
the tissue (pressure chamber) and the space above
(supply chamber) is achieved by placing the sample of
interest on top of an air tight membrane. In order to
achieve the lowest possible impact of the membrane
counterforce on the generated pressure we use self-
fabricated membranes [9] that consist of polydimeth-
ylsiloxan (PDMS, Sylgard® 184, Dow Corning,
Michigan, USA).

The PDMS-membranes possess linear mechanical
characteristics [9] and are therefore clearly more suit-
able for our purposes than biological test samples
which show unknown variances in their mechanical
behaviour. The membranes were produced as described
by ARMBRUSTER et al. [9]. In brief, base resin and
curing agent were mixed with a weight ratio of 10:1.
The mixture was placed on a wafer-chuck and the
membranes were produced in a spin-coating process.
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The rotation speed was 600 rpm and rotation time was
1 min. After the spin-coating the membranes were
polymerized for at least 4 h at 68 °C. By this proce-
dure membranes of a diameter of 22 mm and a thick-
ness of 80 pm with a secant modulus of 1.9 MPa were
obtained [9].

2.3. Finite Element Simulation

A finite element simulation (FES) was carried out
using dedicated software (COMSOL Multiphysics
4.0, COMSOL Multiphysics, Gottingen, Germany).
Based on a linear elastic model with 11976 tetrahedral
elements, the deflection of a flat tissue of 80 pm thick-
ness, 11 mm radius and Young’s modulus of 1.9 MPa
(i.e., the characteristics of a PDMS membrane) inside
the mechanostimulator was simulated for the applica-
tion of a maximal pressure of 20 mbar. From the cal-
culated values of subsequent simulation steps the re-
lationships between pressure, volume and von-Mise-
stress were derived.

2.4. Drive for mechanostimulation

A drive system for the mechanostimulation was
constructed to apply an identical mechanostimulation
pattern to four test samples within separate mechano-
stimulators at the same time. For that purpose, a com-
puter controlled linear motor system (PS01-23S x 80,

(a)

Fig. 1. (a) Schematic drawing of a single mechanostimulator
connected to a pressure box on one side and to the drive-system
via a piston pump on the other. For the simultaneous activation

of four mechanostimulators, each is connected to a separate piston
pump and the four piston pumps are connected to one linear motor.

The pressure resulting from the deflection of the test sample

is measured by a pressure sensor. (b) Schematic of

the mechanostimulator, 1: upper chamber with a glass lid,

2: membrane holder, 3: lower chamber with tube connectors.

() Schematic of the drive system, 4: tube connector,
5: piston pump, 6: armature of the linear motor

LinMot, Spreitenbach, Switzerland) was connected to
four piston pumps (figure la, 1c), each operating sepa-
rately one mechanostimulator. This way we ensured
that possible compliance discrepancies between sam-
ples would not lead to a diverse distribution of stimu-
lation volume as it could be the case if the four
mechanostimulators were driven by one pump. A self
developed software based on LabView (version 7.1,
National Instruments Corp., Austin, TX) controlled
the movement of the linear motor.

The accuracy of the measurement of the pressure—
volume relationship inside the pressure chamber criti-
cally depends on the amount of compressible gas in-
side the pressurized system. In order to keep the vol-
ume constant, the amount of compressible gas needs
to be reduced. To this end, hydraulic-pneumatic cou-
pling was integrated in the driving system by partly
replacing the compressible air with incompressible
water. Only a small volume of 4 mL below the mem-
brane remained air-filled.

2.5. Test measurements

The PDMS-membranes serving as substitutes for
biological tissue samples were placed inside the
mechanostimulator either in single-, double- or in four-
fold membrane configuration. The manifold mem-
brane configurations simulate the measurement of
test-samples (PDMS-membranes on top), placed on
the carrier membrane (lowest PDMS-membrane).

Four different patterns of mechanostimulation
were applied, (i) sinusoidal, (ii) rectangular, (iii) ven-
tilation-analogue representing the stimulation profile
of a mechanically ventilated healthy lung, and (iv)
ventilation-analogue representing the stimulation pro-
file of a mechanically ventilated lung with Acute Res-
piratory Distress Syndrome (ARDS).

2.6. Dynamics of mechanostimulation

In order to investigate the dynamic range of the
mechanostimulator system we performed experiments
using a cyclic mechanostimulation at repetition rates
ranging from 15/min to 2000/min, which includes the
frequency of fast human breathing up to the highest fre-
quency components of the breathing signal of a mouse.
The performance of the system has been tested at am-
plitude volumes of 0.5, 1 and 2 mL, corresponding to
a surface increase of 5%, 20% and 60%, respectively
(see Appendix). The linear motor’s movement was
determined by measuring the voltage across a linear
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potentiometer (CIPGST258M220KA, Radioohm, Bad
Homburg, Germany) whose slider was connected to
the armature of the motor. The pressure inside each
mechanostimulator pressure chamber was measured
using a piezoresistive pressure transducer (SI — special
instruments GmbH, Nordlingen, Germany). The sam-
pling frequency was set to 500 1/s.

The effects of the mechanical impedance of the
sample on the dynamics of the pressure develop-
ment were analyzed by performing a sinusoidal
cyclic mechanostimulation. As a measure for the
mechanical impedance of the sample configuration
we defined the elastance E;,. as the quotient of
pressure and volume at a deflection with 1mL ap-
plied volume. In this experiment, stimulation with
a typical amplitude of 1 mL volume at a frequency
of 15/min was chosen.

First, four single membranes were tested separately.
Each membrane was placed inside one of four mecha-
nostimulators which were connected in parallel (single-
membrane configuration). This procedure was repeated
with two membranes (one placed upon the other) with
the mechanostimulator (double-membrane configura-
tion) and with four membranes placed within each
mechanostimulator (fourfold-membrane configuration).
Thereby the single-membrane configuration corre-
sponds to the minimal mechanical impedance of the
mechanostimulator, i.e., without sample tissue and the
fourfold-membrane configuration corresponds to a high
mechanical impedance, reflecting the mechanostimula-
tion of tendon tissue of about 2.5 mm thickness [13].
All configurations were deflected conjointly with the
same stimulation pattern.

2.7. Stimulation profiles

To analyze the frequency components of the cy-
clic mechanical load which is transferred to the test
sample the mechanostimulator was driven with sinu-
soidal, rectangular and ventilation-analogue profiles
simulating the ventilatory pattern which is associated
with the volume controlled ventilation. Again an
amplitude of 1 mL volume and a frequency of
15/min were chosen. In order to simulate moderate
mechanical impedance the double-membrane con-
figuration was chosen.

2.8. Ventilation-analogue profiles

The ventilation-analogue mechanostimulation was
realized with two different stimulation patterns to

simulate different dynamic conditions: firstly, mim-
icking the expiratory profile of the healthy lung, i.c.,
with an expiratory time-constant of 400 ms, and sec-
ondly, mimicking the expiratory profile of ARDS,
i.e., with a short expiratory time-constant of 133 ms

[7].
2.9. Frequency analysis

To analyze the frequency components of the me-
chanical load applied to the sample, the frequency
spectrum of the pressure profile which resulted from
the mechanostimulation was calculated using the Fast
Fourier Transform. To compare the amounts of me-
chanical load transferred to the sample in and above
the main stimulation frequency we calculated the
sums of amplitudes of the normalized frequency
spectrum within the frequency (f) ranges 0.1 Hz < f <
0.4 Hz and 0.1 Hz < < 10 Hz. The resulting values
were divided by each other resulting in the energy
distribution index (EDI). An EDI of 1 would mean
that 100% of the total energy transferred to the sample
is transferred at the stimulation frequency.

3. Results

3.1. Finite element simulation

The finite element stimulation of a tissue inside
the mechanostimulator revealed nonlinear relation-
ships between volume, pressure and von-Mise-stress
and a linear relationship between von-Mise-stress and
relative increase in surface area (figure 2a). The von-
Mise-stress was distributed homogeneously across the
deflected tissue (figure 2b).

3.2. Dynamics of the drive system

Using the mechanostimulator in combination
with the linear motor drive system we were able to
apply different mechanical load profiles. The drive
system allowed us to vary the amplitude from 0 to
2.8 mL volume (reflecting an increase in the surface
of the sample of up to 100%, data not shown). At an
amplitude of 0.5 mL we were able to apply up to
1200, at amplitudes of 1.0 mL and 2.0 mL we could
apply up to 600 sinusoidal deflections per minute
(figure 3).
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Fig. 2. Analysis of volume, pressure, von-Mise-stress and strain in a tissue deflected inside the mechanostimulator.
Membrane deflection was simulated for the application of a maximal pressure of 20 mbar in finite element simulation
utilizing a linear elastic model with 11976 tetrahedral elements. (a) Relationships of volume, pressure, average von-Mise-stress
across the membrane and strain in terms of relative area increase (AA/A). (b) Distribution of the von-Mise-stress across
the membrane. The von-Mise-stress was found to be almost constantly distributed across the membrane. The inhomogeneities
along the circumferential border of the membrane result from calculation artefacts reasoned by the limited number of boundary points

25
2 V VvV V V VYV VIV

0

E

o 1.5]

°

2

S 1t + + o+ + ++ ++++++

£ i+

< My,
0.5} O o o ooo nnn%f
0-1 ‘0 ‘1
10 10 10

Frequency [1/s]

Fig. 3. Volume displacement amplitudes achieved at
different frequencies of sinusoidal stimulation profiles.
The set amplitudes were 2 mL (V), 1 mL (+) and 0.5 mL (o)

3.3. Influence of
mechanical sample impedance

Close inspection of the pressure curves revealed
that sinusoidal volume application resulted in a sinu-
soidal pressure profile with flattened slopes in the low
pressure-volume range. The impedance of the sample
increased with the number of membranes within each
mechanostimulator (single-membrane configuration
Eim = 28.3 mbar/ml, double membrane configuration:
Eime = 50.0 mbar/ml, four membrane configuration:
Eime = 73.5 mbar/ml). This was reflected by the
maximal pressure increasing from 28.3 to 73.5 mbar
with the number of membranes increasing from 1 to 4

(figure 4). There were no differences detectable in the
applied volume amplitudes when we tested single- or
double- or four-membrane configuration with 15 sinu-
soidal deflections per minute and a targeted volume
application of 1 mL (figure 4). Furthermore the nor-
malized frequency components of the measured pres-
sure signal were identical in all three membrane con-
figurations (lower panels figure 4b). The frequency
spectra of the pressure curves following the sinusoidal
mechanostimulation showed one main frequency
component at 0.25 Hz and one side frequency compo-
nent at 0.45 Hz (lower panels of figure 4). The main
frequency was normalized and set to 1, related to this
the side frequency amplitude was 0.36. Both were
independent of the mechanical impedance of the sam-
ple. We did not observe relevant time shifts between
volume and pressure signals.

3.4. Rectangular and ventilation-
analogue stimulation profiles

We were able to apply the rectangular and the
ventilation-analogue load patterns to the mecha-
nostimulator in double-membrane configuration (up-
per panels of figure 5). A close inspection of the pres-
sure curves revealed that during rectangular volume
application the initial rapid pressure increase ended in
a pressure peak with subsequent exponential relaxa-
tion decay until a pressure plateau was reached. Dur-
ing ventilation-analogue volume application the pres-
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Fig. 4. Frequency analysis of the sinusoidal pattern of the mechanostimulation using a single-membrane,
a double-membrane and a fourfold-membrane configuration. (a) Average of 4 single membranes.
(b) Average of 4 double membranes. (c) Average of 4 fourfold membranes. Top: insufflated volume over time.
Middle: pressure data concerning the applied volume. Bottom: frequency components of the pressure signal
according to Fast Fourier Transform. Frequencies are normalized to the main frequency of the stimulation;
off-set components are not shown
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mechanostimulation of biological tissue samples. The
main findings of our study can be summarized as fol-
lows: (a) the mechanostimulator allows for the appli-
cation of a mechanical load that leads to an increase in
the surface of the analyzed samples of up to 100%; (b)
The von-Mise-stress evoked inside the sample is dis-
tributed very homogeneously; (c) the cyclic mechani-
cal stimulation can be applied at repetition rates
ranging from zero (static condition) up to 1200 sinu-
soidal deflections per minute for volume applications
of 0.5 mL; (d) our device allows for the application of
mechanostimulations with arbitrary temporal profiles
including frequency components of up to 20 Hz and
(e) in comparison to a sinusoidal profile the ventila-
tion-analogue mechanostimulation is characterized by
a noteworthy content of high frequency components
which depends, for instance, on the time-constant of
passive expiration.

To the best of our knowledge, we present the first
device that allows a cyclic mechanostimulation with
variable temporal profiles. Furthermore, by measuring
the pressure resulting from the counterforce of the
sample against deformation we can reliably determine
the counterforce of the tissue under test resulting from
its deflection as response to the applied mechanical
load. Thus, we can determine the stress—strain relation-
ship of the sample under test, i.e., its mechanical char-
acteristics [8]. For an easy use one could produce
a series of reference membranes with a given Young’s
modulus and collect experimental data related to the
pressure—volume relationship development for the sys-
tem consisting of the base membrane and of the refer-
ence membrane. The pressure—volume relationship of
a tissue sample could be measured and Young’s
modulus could be determined by comparison to the ref-
erence data and accounting for the sample thickness in
comparison with the thickness of the reference sample.

4.1. Simulating
in situ mechanostimulation

Mechanostimulations are a ubiquitous phenome-
non in the living organism. Most cells and tissues
experience static and/or dynamic mechanical load
caused by tensile or compressive strain under physio-
logical conditions. The mechanical behaviour of most
living tissues is nonlinear and frequency dependent. In
this study we focussed on the dynamics of the mecha-
nostimulation that characterize the mechanical venti-
lation of the lung.

During spontaneous breathing the mechanical load
on the pulmonary tissue is akin to a sinusoidal profile.

In contrast, during mechanical ventilation the stimula-
tion profile of the lung tissue differs considerably from
a sinusoidal pattern. In this context, it has to be noted
that the amplitude of the mechanical load spectrum at
a certain frequency is a measure for the energy trans-
ferred to the sample at this frequency, and it is obvious
that the high frequency components are related to the
transfer of high energy which implies an increased risk
of pulmonary tissue damage compared to the lower
frequency components of the same amplitude.

We have applied sinusoidal, rectangular and ventila-
tion-analogue mechanostimulation profiles with similar
amplitudes in the time domain. The frequency analysis
has shown that these signals differ in their content of
high frequency components. In other words, the differ-
ence between these stimulation profiles lies in the
amount of energy transferred to the sample at the fre-
quency components above the main stimulation rate.
With this in mind it is obvious that by stimulation at the
same amplitude with a sinusoidal profile least energy is
transferred to the sample. The energy transferred to the
sample by ventilation-analogue profiles lies closer to
the rectangular than to the sinusoidal profile (the latter
even more distinct for the “ARDS” profile compared to
the “healthy lung” profile).

Table 1. Published devices for application
of mechanical stimulation of biological tissue samples

Stretch Stimulus
Authors

apparatus waveform
BANES et al. Flexercell on/off
1985 [14] (rectangular
TSCHUMPERLIN et al. |Cell-stretching [on/off
1998 [4] device (rectangular)
PUGIN et al. “Plastic lung”  |sinusoidal
1998 [15]
TRZEWIK et al. Cell drum resonance
2004 [16] oscillation

sinusoidal
AROLD et al. Stretching sinusoidal
2007 [17] apparatus
GERSTMAIR et al. Computer- on/off
2009 [18] controlled (rectangular)
stretch device

WANG et al. Flexercell on/off
2009 [19] (rectangular)
LUJAN et al. Bioreactor sinusoidal
2011 [3]

Most devices for the mechanostimulation of biologi-

cal tissue described in the literature allow for the appli-
cation of a sinusoidal or rectangular temporal profile
(table 1). However, in order to investigate the influence
of the frequency components of a stimulation profile on
the biological response of a sample, i.e., tissue integrity,
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viability, inflammation and/or mechanical properties of
tissue probes, the option for applying multiple stimula-
tion profiles, e.g., sinusoidal, rectangular or ventilation-
analogue profiles, is required.

Focusing on the mechanostimulation of the lungs we
have to differentiate between two situations: 1) the lungs
during spontaneous breathing and 2) the lungs during
mechanical ventilation. During spontaneous breathing
the lungs are breathwise loaded with a temporal profile
similar to a sinusoidal pattern. During mechanical venti-
lation the intrapulmonary pressure course, e.g., during
volume controlled ventilation, reveals a linear increase
during inspiration, an abrupt release when inspiration
switches to expiration and an exponential decay curve
during expiration. Thus, the temporal stress profile of the
lungs under mechanical ventilation contains considera-
bly more high frequency components compared to the
profile during spontaneous breathing, as we demon-
strated in our analysis. Compared to the healthy lung the
injured lung is characterized by a considerably reduced
volume distensibility which results in a shorter time-
constant of passive expiration. Thus the injured lung is
exposed to a load profile with components of higher
frequencies than the healthy lung that is ventilated under
the same conditions. This was also shown by the energy
distribution index. During sinusoidal mechanostimula-
tion 76% of the total mechanical load transferred to the
sample is transferred at the desired frequency range. In
contrast, with rectangular and ventilation analogue
mechanostimulation only 30 to 42% of the energy trans-
ferred to the sample at the chosen frequency range. It has
to be noted that an ideal sinusoidal stimulation profile
(EDI = 1) would transfer the energy only in the set fre-
quency range. In other words, by mechanostimulation
with a ventilation-analogue profile the total energy trans-
fer to the sample is two to three times higher compared
to an ideal sinusoidal stimulation at the same amplitude.
As a consequence, the sinusoidal profile is inadequate to
describe the mechanostimulation of the lungs paren-
chyma during mechanical ventilation. To understand the
mechanisms which lead to a ventilator-induced lung
injury the experimental biomechanics research requires
devices which allow for the in vitro application of a cy-
clic mechanostimulation with variable frequency com-
ponents of pressure profiles. With this study we claim to
have developed an approach for this task.

4.2. Limitations of the study

We substituted biological tissue by pliant mem-
branes of PDMS. Using this substitute material we
were able to perform our measurements with samples

of similar material properties which remain constant
over time. When determining the characteristics of
a new device this is preferable compared to the use of
biological material with comparable high variance and
uncertain temporal behaviour in its material proper-
ties. With this material we did not observe any rele-
vant time shift between the volume displacement and
the pressure signal, which might occur in biological
tissue. However, such analysis could be made with
our system and would be helpful in determining visco-
elastic properties of the sample tested.

We only investigated three types of stimulation
profiles: a sinusoidal, a rectangular and a ventilation-
analogue profile. Other profiles could be realized with
our drive, e.g., a positive end expiratory pressure
could be simulated by a shift of the drive’s offset po-
sition resulting in a constant deflection component.
Moreover, other cyclic stimulation profiles being
composed of frequency components up to 20 Hz, e.g.,
the mechanostimulation of the arterial wall or the
temporal profile of the blood pressure could be real-
ized accordingly. However, this lies beyond the scope
of this study which was aimed to proof the principle
of a ‘realistic’ mechanostimulation with patterns re-
lated to the mechanical ventilation.

4.3. Thermodynamics

A rapid gas compression is always associated with
an increase in temperature. For the rectangular stimu-
lation profile this resulted in increased peak pressure
amplitudes followed by a relaxation course (figure 5).
For the ventilation-analogue stimulation this effect
was less pronounced due to the slower rise of the ap-
plied load. Such effects were also described earlier for
a similar mechanostimulator environment [8]. It has to
be noted that in the case of mechanical ventilation
similar effects should take place in the lung. Further-
more, the pressure—volume ralationship is nonlinear
(figure 2) resulting in deviations between the applied
volume and the resulting pressure profiles (figures 4
and 5). However, if required, such effects could be
compensated for by respective customization of the
stimulation curve.

5. Conclusion

A realistic simulation of mechanical load on bio-
logical tissue requires the application of a temporal
load profile analogue to the profile the tissue would
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experience in situ. We have developed a system to
realize such profiles. Our mechanostimulator allows for
a load application that leads to an increase in the sur-
face of the analyzed samples of up to 100% and for the
application of mechanostimulation with arbitrary tem-
poral profiles including frequency components of up to
20 Hz. Thereby the mechanical stress inside the tissue
is distributed very homogeneously. In comparison to
a sinusoidal profile the ventilation-analogue mecha-
nostimulation is characterized by a noteworthy content
of high frequency components which depends, for in-
stance, on the time-constant of passive expiration. With
our new system we are able to configure the frequency
components of the profile of the applied mechanical
load and furthermore to identify the frequency compo-
nents of the stress resulting in the tissue.
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Appendix

The relation between volume and surface area of
the membrane is defined by the geometry of a spherical
cap [11].

The surface increase through volume application
can be calculated as follows.

The surface of a spherical cap 4 is described by

A=n(R*+h?) (A1)



62 K. GAMERDINGER et al.

where R is the radius of the basic circle of the cap and To allow the calculation of surface area without
h is the height of the cap. measurement of /4, equation (A2) can be solved
The volume V of the spherical cap is defined by for & by using Cardano’s method for cubic equa-
o, T tions:
V=—Rh——h". (A2)
2 2 . .
Using both equations we can eliminate R: W= 3\/£+(\/§J + RS +3\/£+(\/EJ L RS
T T T T

Vo2
——=7

_ 2
A=2 p h. (A3) (A4)
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