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ABSTRACT

Systems and methods for providing dynamic mechanical
loading and mechanical property assessment of tissue cul
tures in open dish cultures are provided. An actuator may be
provided under a cell culture dish for driving the dish upward
toward a fixed post member, thereby providing controlled
compression of a tissue sample.
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METHOD AND SYSTEMS FOR TISSUE
CULTURE

FIG. 4 is a partial, cross-sectional view, of an actuator
device for compressing a cell sample in a cell culture appa
ratus.
FIG. 5 is a perspective view of a holder for supporting cell
culture plates or dishes.
FIG. 6 is a perspective view of a lid with post members
corresponding to dish positions in the holder shown in FIG. 5.
FIG. 7 shows partial side views of alternative configura
tions for the post members shown in FIG. 6.
FIGS. 8 and 9 are perspective views of alternative cell
culture dish designs.
FIGS. 10 and 11 are partial side views of alternative post
member design devices.
FIG. 12 is a front view of a display screen interface for
controlling stress versus strain experiments, and reporting
results.
FIG. 13 shows graphical results of experiments conducted
with a cell culture system as described below.

CROSS-REFERENCE TO RELATED
APPLICATION
This application claims priority under 35 U.S.C. §119(e)to
U.S. Provisional Patent Application Ser. No. 60/834,280
titled “Method and Device for Tissue Culture,” filed Jul. 28,
2006. The complete disclosure of that application is hereby
incorporated by reference for all purposes.

5

10

FIELD
The invention relates to apparatus and methods for
dynamic mechanical loading and mechanical property
assessment of tissue cultures.
BACKGROUND
Dynamic mechanical loading of engineered cartilage cells
has been shown to improve mechanical properties of cells.
Despite the fundamental importance of mechanical proper
ties for the function of tissue-engineered cartilage, the ability
to characterize and assess such mechanical properties in vitro
lags far behind the sophistication of characterizing biological
aspects of tissue development in response to mechano-stimulation. This may hinder systematic optimization of functional
tissue engineering driven by mechanical function criteria,
such as the expression of non-linear and viscoelastic behavior
vital for the function of native articular cartilage.
Most existing systems for dynamic loading of tissue cul
tures in vitro (i.e., mechano-active bioreactors) do not enable
measurement of tissue mechanical properties in vitro. Those
tissue culture systems that do allow for assessment of some
tissue mechanical properties in vitro apply loading in dis
placement control and not force control. Such loading in
displacement control causes inherent limitations for assess
ment of tissue mechanical properties.
Conversely, systems for material testing of tissues under
dynamic loading exist. However, these systems do not
accommodate tissue cultures in culture dishes, and typically
do not provide controlled loading and desired mechanical
property assessment in the same apparatus. As such, they do
not provide a practical culture environment typically required
for cartilage tissue culture and experimentation.
SUMMARY
An apparatus provides dynamic mechanical loading and
mechanical properties assessment of tissue cultures in open
dish cultures. In a preferred embodiment a post is suspended
over a tissue culture plate. An actuator controls movement of
the post and plate relative to each other. A computer is pro
grammed to control relative movement of the post and plate,
and to process data assessing tissue mechanical properties of
cell cultures contained in the plate.
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BRIEF DESCRIPTION OF THE FIGURES
FIG. 1 is a perspective, partially-exploded view of a cell
culture system.
FIG. 2 is a perspective view of a cell culture apparatus.
FIG. 3 is a partial, cross-sectional view of the cell culture
apparatus shown in FIG. 2.
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DESCRIPTION
A cell culture system provides the capability of conducting
controlled compression experiments on cells in cell culture
dishes and related assessment of mechanical properties of the
cells without transferring the cells to a different apparatus or
environment. Preferred apparatus, as described below, and
shown in the Figures, provides compression drive mecha
nisms below a set of cell dishes, thus avoiding contamination
of the cell samples from the drive devices. Preferred systems
and methods are described below. Numerous additional
variations and modifications are enabled by the specification
and covered by the claims below.
In a preferred configuration, an apparatus allows culturing
of tissue in standard 35 mm diameter open-culture dishes,
which is a routine and accepted setting for biological culture
experiments. For specimen loading in compression, the cul
ture dish can be driven upward against a static loading post
which is fixed to a rigid support member, such as a cover. All
drive components are situated in an enclosure beneath the
culture dish(es). This arrangement, which seeks to minimize
contamination risks, provides a robust culture environment
required for long-term in vitro studies.
Compression under load control is driven by an electro
magnetic actuator that transmits an upward directed force
through a vertically-guided plunger to the culture dish. This
electromagnetic actuator enables controlled application of
dynamic loading, whereby the actuator force is proportional
to the driving current signal. Resulting displacement may be
recorded with a linear optical encoder which is connected to
the vertical plunger for assessment of constitutive properties
by means of load-displacement analysis. The applied load
may be inferred from the signal supplied to the electromag
netic actuator. Alternatively, the induced load may be deter
mined with a load cell or pressure sensor integrated in the
loading post (for example, see FIG. 11). A software interface
may be used to enable control of mechanical stimulation as
well as evaluation of tissue mechanical properties, and
changes which may occur during prolonged culture and
stimulation periods.
In some applications, the cell culture apparatus may be
sufficiently small to fit in a standard tissue culture incubator
for long-term maintenance of tissue cultures in a controlled
environment. In the incubator, the device enables application
of controlled, cyclic mechanical deformation to one or more
tissue cultures for mechanical stimulation of site cell samples.
In addition, the device may be used to quantify mechanical
properties of one or more tissue cultures, including, but not
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limited to, the elasticity modulus under static and dynamic
loading conditions, the elastic and plastic components of said
elasticity modulus and the shear modulus. Thus, the device
may perform both mechanical stimulation and mechanical
property evaluation by computed, controlled software inter
face.
System examples are illustrated in the figures. FIG. 1
shows cell culture system 20 including cell culture apparatus
22 connected to computer 24. Computer monitor 26 displays
digital interface 28 for controlling compression experiments
conducted on biological cell samples in cell culture apparatus
22 and reporting results. For example, the system shown in
FIG. 1 is useful for conducting experiments on articular car
tilage cells. Cell culture apparatus 22 includes a drive system
housing 30. Flousing 30 supports sample stage 32. Dish
holder 34 is configured for placement on stage 32. Floles are
provided in holder 34 for receiving cell culture dishes 36. Lid
38 is provided to fit on top of holder 34, thus containing and
protecting cell cultures in dishes 36. Rigid housing 30 con
tains electromagnetic actuators 40 for driving plungers or
pistons 42 upward to elevate respective dishes 36 toward
stationary posts (not shown in FIG. 1) on the underside of lid
38. Displacement encoder 43 measures Z axis change of
position of plunger 42. Latches 44 are provided for holding
assembled holder 34 and lid 38 when positioned on stage 32.
The system shown in FIG. 1 depicts a six-dish device.
Flowever, the same principles may be applied to provide cell
culture systems accommodating any number of cell culture
dishes. The tray member or holder 34 ensures precise place
ment of six cell culture dishes or wells. Lid or cover 38 is
compressed onto holder 34 by latches 44, in the closed posi
tion. Actuators 40 and displacement encoders 43 are posi
tioned inside housing 30 underneath stage 32 and holder 34.
Data cable 47 transmits the displacement sensor data to a
controller in integrated computer 24. Second cable 49 sup
plies current, which induces force in the electromagnetic
actuators. Software interface 28 is used to define mechanical
stimulation signals for dynamic compression of tissue cul
tures, and to visualize results in material property measure
ments in tissue cultures, as shown in more detail in FIG. 12.
FIG. 2 shows a perspective view of cell culture apparatus
22 with six cell culture plates 36 assembled into position in
plate holder 34, covered by lid or cover 38. Cover 38 may be
opaque, partially transparent, or totally transparent. Cover 38
may also be provided with viewing windows if desired. Elec
tromagnetic actuator 40 is used to control the position of dish
36 along the Z axis, thereby compressing cell sample 42
against fixed posts on the underside of cover 38. The com
pression mechanism is shown in more detail in FIG. 3. A
separate actuator is dedicated to each plate for driving plunger
52 to raise plate 36, and cell sample 42 into contact with post
54 on the underside of cover 38. Similarly, FIG. 4 shows
actuator 40 positioned below dish holder 34 for controlling Z
axis movement of plate 36.
Dynamic compression for mechanical stimulation of tissue
samples will be carried out, preferably, by a separate electro
magnetic actuator 43 for each dish. The actuator generates a
linear force vector, which may be controlled by a computer
generated driving signal. Alternatively, electromechanical
actuators may be employed to generate controlled linear dis
placement. It is generally preferable to use one actuator for
each culture well. Flowever, it is conceivable that a single
actuator could be used to drive upward movement of more
than one cell culture dish. Two or more actuators may be
connected in parallel for simultaneous compression of two or
more tissue cultures.

Displacement encoder 43 is provided for each culture dish
for assessment of tissue culture compression in response to
actuator force application. Encoder shaft 45 may serve as the
piston which is driven by the actuator on one side, and which
is acting on the culture dish 22 on the opposing side. Dis
placement sensing may be based on optical or inductive prin
cipals.
FIG. 5 shows holder 34 supporting cell culture dish 36. Cell
sample 42 is positioned approximately in the center of plate
36. Cell sample 42 is preferably supported in an appropriate
matrix or scaffold.
FIG. 6 shows the underside of cover 38. Cylindrical posts
54 are provided for compressing cell samples, as described
above. In FIG. 6, posts 54 have a substantially planar or flat
surface. In this configuration, there are six posts arranged for
precise positioning over six culture wells. The surface of each
post end may be flat, as shown in FIG. 6, or may have other
shapes, for example, as shown in FIG. 7, i.e., flat, cylindrical,
spherical, conical, or other shapes, in order to achieve specific
compression modes. One or more of the posts may be adjust
able in height or length to accommodate tissue cultures of
varying thickness. One or more of the posts may be equipped
with a sensor for assessing force or pressure delivered to the
tissue culture via the actuator and plunger below the dish.
Other characteristics of the post may be varied such as coating
composition, texturing, temperature control, etc.
FIGS. 8 and 9 show different plate configurations with
recesses for restricting location of cell sample disks in central
areas corresponding to posts on the underside of the cover. In
FIG. 8, dish 70 has recess 72 for receiving cell sample disk 74.
In FIG. 9, dish 80 has insert 82 for defining a central recess for
receiving cell sample disk 84. Insert 82 may be made of
polystyrene, glass, stainless steel, or other bioinert materials
used for tissue culture. If multiple culture dishes are used
simultaneously, a tray member or holder may be used to
facilitate handling and relative positioning between dishes.
FIGS. 10 and 11 show optional devices for upper posts. In
FIG. 10, cover 90 has adjustable posts 92. Pressure sensor 94
measures the pressure at the compression interface between
the cell sample and the post surface. In FIG. 11, cover 96
includes posts 98 equipped with sensor 100 to detect forces
applied to surface 102 of post 98.
FIG. 12 shows an example of a computer display interface
for use in controlling and monitoring experiments conducted
with a cell culture system, as described above. Display 110 is
divided into three parts, set up area 112, status area 114, and
results area 116. As shown in set up area 112, the operator
may specify, among other things, specimen diameter, com
pression frequency, offset, amplitude, number of sequences,
and total time of stimulation. Start and stop buttons may also
be provided in the set up area. Status area 114 may show
progression through a given experiment, average strain as a
function of compression, as well as strain data for individual
cell samples corresponding to the six plate positions in the
culture apparatus. Results area 116 of display 110 may show
graphical representations of cell sample thickness, equilib
rium modulus, and dynamic modulus, among other data com
putations from completed experiments.
The system controller may be programmed to protect
samples from excess strain (i.e., the compressive strain
remaining whenever the dynamic, sinusoidal loading is at its
minimum). If the strain is greater than a user-defined thresh
old (e.g. 30%), the system will halt mechano-stimulation to
protect specimens from excessive strain.
Research has shown that dynamic compression facilitates
matrix elaboration, while static compression does the oppo
site. During dynamic stimulation, specimens not only expe-
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rience dynamic compression, but typically an increased
amount of static offset compression due to creep as a conse
quence of prolonged dynamic loading. This will cause a con
tinuous increase in the peak compressive strain during pro
longed dynamic stimulation at a constant force amplitude.
Thus, it may be beneficial to dynamically stimulate tissue
only for a short period (minutes to an hour) so as not to exceed
a certain strain value. After a pause, during which the tissue
may relax to its original thickness, dynamic stimulation is
then repeated. Accordingly, the program may provide the
option for the operator to indicate a strain threshold, at which
the system automatically adjusts or stops the loading magni
tude for a given period of time in order to protect specimens
from excessive strain.

In summary, the prototype system was able to quantita
tively delineate constitutive material properties of both,
articular cartilage and hydrogel. It furthermore quantified
pronounced difference in non-linear and viscoelastic proper
ties of cartilage and hydrogel. Consequently, the prototype
cell culture system can assess material properties in vitro, and
it simultaneously delivers well-defined mechano-stimulation
over a wide range of loading parameters.
FIG. 13 shows graphs illustrating experimental results
obtained with the cell culture system, as described above. In
graph (a), the actuator retains load amplitude up to 10 Hz. In
graph (b), stress-strain response at 1 Hz dynamic loading,
demonstrates that cartilage has a higher dynamic modulus
than hydrogel. In graph (c), the prototype system sensitively
captured the stress-strain response of hydrogel, shown for
four successive load cycles. In graph (d), the system quanti
tated significant material differences between cartilage and
hydrogel (*p<0.05; **p<0.001).
The disclosure set forth above may encompass multiple
distinct inventions with independent utility. Although each of
these inventions has been disclosed in its preferred form(s),
the specific embodiments thereof as disclosed and illustrated
herein are not to be considered in a limiting sense, because
numerous variations are possible. The subject matter of the
inventions includes all novel and nonobvious combinations
and subcombinations of the various elements, features, func
tions, and/or properties disclosed herein. The following
claims particularly point out certain combinations and sub
combinations regarded as novel and nonobvious. Inventions
embodied in other combinations and subcombinations of fea
tures, functions, elements, and/or properties may be claimed
in applications claiming priority from this or a related appli
cation. Such claims, whether directed to a different invention
or to the same invention, and whether broader, narrower,
equal, or different in scope to the original claims, also are
regarded as included within the subject matter of the inven
tions of the present disclosure.
Basic principles and concepts of the systems and methods
described above may be summarized as follows. A tissue
culture device and method for mechanical stimulation by
dynamic compression and for material property evaluation
may include one or more culture dishes, one or more post
members suspended over the culture dishes, one or more
actuators for compression of the culture dishes and cultures
against the post members, and one or more displacement
encoders for assessment of compression of the cultures in
response to the applied compressive force. The device needs
to be sufficiently small to fit into a standard tissue culture
incubator. But the device enables application of controlled,
cyclic mechanical deformation to one or more tissue cultures
for mechanical stimulation of the cultures. The device may be
capable of quantifying mechanical properties of one or more
tissue cultures, including but not limited to the elasticity
modulus under static and dynamic loading conditions, the
elastic and plastic components of said elasticity modulus, and
the shear modulus.
The device may provide mechanical stimulation and
mechanical property evaluation in parallel or sequentially by
a computer-controlled software interface. The culture dishes
may be made of polystyrene, glass, or bioinert materials used
for tissue culture vessels. The culture dish may have a
recessed area which confines the tissue culture location to a
central area. Alternatively, an insert may be used in standard
culture dishes for confining the tissue location to a central
area. The insert may be made of polystyrene, glass, stainless
steel, or other bioinert materials used for tissue culture. Mul
tiple dishes may be arranged in a tray member for handling.
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EXAMPLE
An exemplary prototype cell culture system may be fabri
cated and evaluated as follows. With this prototype, first the
inherent system performance on cartilage tissue was deter
mined. Subsequently, the system’s ability to quantify differ
ences in material properties between cartilage tissue and a
hydrogel tissue, which is typically used in tissue engineering
applications, was measured.
For three hyaline cartilage explants, the dynamic load
range of the prototype system was characterized. First, the
load amplitude in response to a peak driving current of 1 A
under sinusoidal loading frequencies of 0.1 Flz, 1 Flz, and 10
Hz, were evaluated, which resulted in peak compressive
forces of 10.24 N, 10.36 N, and 10.18 N, respectively. These
results demonstrated that the prototype system can reliably
deliver sinusoidal dynamic loading profiles up to 10 Hz ((a) in
FIG. 13).
Next, non-linear and viscoelastic constitutive properties
were quantified to assess the system’s ability to capture tissue
material behavior. For characterization of non-linear elastic
behavior, both the equilibrium compressive (Young’s) modu
lus M£ and the maximal dynamic modulus
were
quantified. M£ was derived from the compressive strain in
response to a static load of 1 N, applied for 30 minutes. The
dynamic modulus MDjMU. was obtained under 10 Hz sinu
soidal loading to a physiological contact stress (1.2 MPa).
Md ^max was extracted as the maximal slope 8cr/8e of the
stress-strain curve ((b) in FIG. 13). Viscoelastic behavior was
quantified in terms of the phase angle 8 which correlates to the
hysteresis between the loading and unloading pathways of the
cr/e curve. The prototype was able to quantify highly nonlin
ear constitutive behavior of native articular cartilage,
whereby the equilibrium modulus (M£=0.65±0.11 MPa) was
over 15 times smaller than the 1 Hz dynamic modulus
(MZ3>M4jr=15.7±0.9 MPa) ((c) in FIG. 13). Furthermore, it
captured viscoelastic behavior in terms of the phase angle
8=15.3°±6.2°.
For hydrogel specimens, M£, M.dmax, and 8 were quanti
fied to demonstrate the ability of the prototype to capture
differences between material of hydrogel and native cartilage
specimens. Even in these relatively soft hydrogel tissues, the
prototype system provided a highly sensitive assessment of
dynamic material response, whereby consecutive tracings of
stress-strain curves were virtually indistinguishable ((c) in
FIG. 13). The equilibrium modulus of hydrogel
(M£=0.15±0.01 MPa) was over four times lower than that of
the native cartilage (FIG. 2d). However, the dynamic modulus
(MZ3>M4jr=0.26±0.01 MPa) was over 60 times lower than that
of native cartilage. The phase angle of hydrogel (8=5.3±0.7°)
yielded inferior viscoelasticity as compared to native carti
lage.
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One or more posts may be adjustable in height or length for
accommodating tissue specimens of varying thickness. The
surface of each post end for compression against tissue speci
mens may be flat, cylindrical, spherical, conical, or some
other shape, in order to achieve specific compression modes.
One or more posts may be instrumented with a sensor for
assessment of force or pressure delivered to the tissue speci
men. One or more posts may be integrated into a lid member
for precise positioning over the culture dish(es). Actuators
may be electromagnetic for provision of a controlled com
pression force. Actuators may be electromechanical for pro
vision of a controlled compression displacement. Two or
more actuators may be connected in parallel for parallel com
pression for two or more tissue cultures. The encoder shaft
may serve as the piston which is driven by the actuator on one
side and which is acting on the culture dish on the opposing
side. Displacement sensing may be based on optical or induc
tive principles. Mechanical stimulation and mechanical prop
erty assessment of tissue cultures in culture dishes may be
accomplished in one device. Mechanical stimulation and
mechanical property assessment of tissue cultures in culture
dishes may be accomplished in sequence over prolonged
culture durations.
The following references are herein incorporated by refer
ence in their entireties:
1. Guilak, F., C. Hung, and R. Vanderby, Cell and tissue
engineering. J Biomech Eng, 2000.122: p. 209.
2. Park, S., C. T. Hung, and G. A. Ateshian, Mechanical
response o f bovine articular cartilage under dynamic
unconfined compression loading at physiological stress
levels. Osteoarthritis Cartilage, 2004.12(1): p. 65-73.
3. Huang, C. Y., et al., Effects o f cyclic compressive loading on
chondrogenesis ofrabbit bone-marrow derived mesenchy
mal stem cells. Stem Cells, 2004. 22(3): p. 313-23.
4. Mauck, R. L., et al., Functional tissue engineering o f
articular cartilage through dynamic loading o f chondro
cyte-seeded agarose gels. J Biomech Eng, 2000. 122(3): p.
252-60.
5. Steinmeyer, J.,A computer-controlled mechanical culture
system for biological testing o f articular cartilage
explants. J Biomech, 1997. 30(8): p. 841-5.
6. Demarteau, O., et al., Dynamic compression o f cartilage
constructs engineered from expanded human articular
chondrocytes. Biochem Biophys Res Commun, 2003. 310
(2): p. 580-8.
7. Hung, C. T., et al., A paradigm for functional tissue engi
neering o f articular cartilage via applied physiologic
deformational loading. Ann Biomed Eng, 2004. 32(1): p.
35-49.
8. Carver, S. E. and C. A. Fleath, Influence o f intermittent
pressure, fluid flow, and mixing on the regenerative prop
erties o f articular chondrocytes. Biotechnol Bioeng, 1999.
65(3): p.274-81.
9. Carver, S. E. and C. A. Heath, Semi-continuous perfusion
systemfor delivering intermittentphysiologicalpressure to
regenerating cartilage. Tissue Eng, 1999. 5(1): P. 1-11.
10. Freed, L. E., et al., Joint resurfacing using allograft chon
drocytes and synthetic biodegradable polymer scaffolds. J
Biomed Mater Res, 1994. 28(8): p. 891-9.
11. Freed, L. E., G. Vunjak-Novakovic, and R. Langer, Cul
tivation o f cell-polymer cartilage implants in bioreactors.
J Cell Biochem, 1993. 51(3): p. 257-64.
12. Saini, S. and T. M. Wick, Concentric cylinder bioreactor
for production o f tissue engineered cartilage: effect o f
seeding density and hydrodynamic loading on construct
development. Biotechnol Prog, 2003.19(2): p. 510-21.

13. Saini, S. and T. M. Wick, Effect o f low oxygen tension on
tissue-engineered cartilage construct development in the
concentric cylinder bioreactor. Tissue Eng, 2004.10(5-6):
p. 825-32.
14. Hu, J. C. and K. A. Athanasiou, Low-density cultures o f
bovine chondrocytes: effects o f scaffold material and cul
ture system. Biomaterials, 2005. 26(14): p. 2001-12.
We claim:
1. An apparatus for carrying out a compression experiment
on a sample of biological cells in a cell culture plate, com
prising:
a holder configured for supporting a cell culture plate,
a post member having a contact surface fixed along a ver
tical axis suspended above over the holder, and
a compression device including a force-controlled electro
magnetic actuator, and
a plunger, configured to apply dynamic compression forces
to a cell sample by driving the plunger and plate upward
along the vertical axis toward the contact surface of the
post member.
2. The apparatus of claim 1 further comprising
a computer programmed to control force and frequency of
compression forces applied to the cell sample.
3. The apparatus of claim 2, wherein the computer is also
programmed to assess mechanical properties of the cell
sample.
4. The apparatus of claim 1, wherein the compression force
is proportional to the driving current signal applied to the
actuator.
5. The apparatus of claim 1, further comprising a displace
ment encoder for determining the relative thickness of the cell
sample corresponding to a given compression force.
6. The apparatus of claim 1, wherein the contact surface is
substantially planar.
7. The apparatus of claim 1, wherein the contact surface is
curved in a hemi-spherical or hemi-cylindrical shape.
8. The apparatus of claim 1, wherein the contact surface is
tapered to a point.
9. The apparatus of claim 1, wherein the contact surface is
textured.
10. The apparatus of claim 1, wherein the contact surface is
substantially smooth.
11. An apparatus for carrying out a compression experi
ment on a sample of biological cells in a cell culture plate,
comprising
a holder configured for supporting a cell culture plate,
a post member having a contact surface suspended over the
holder along a vertical axis,
a force-controlled compression device configured to apply
dynamic compression forces to a cell sample by driving
the plate or the post member along the vertical axis,
a displacement encoder configured to assess the extent of
sample compression as a function of compressive force,
and
a computer connected to the force-controlled compression
device;
wherein the contact surface of the post member is adjustable
along the vertical axis and wherein the computer is pro
grammed to control force and frequency of compression
forces applied to the cell sample.
12. The apparatus of claim 11, wherein the compression
device is configured to drive the post member toward the cell
culture plate, the cell culture plate remaining fixed along the
vertical axis.
13. The apparatus of claim 11 further comprising a com
puter programmed to control force and frequency of com
pression forces applied to the cell sample.
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14. The apparatus of claim 11, wherein the computer is also
programmed to assess mechanical properties of the cell
sample.
15. The apparatus of claim 11, wherein the computer is
programmed to control compression loading via the compression device, including a test phase and a stress versus strain
evaluation phase.
16. The apparatus of claim 11, wherein the compression
device includes a plunger and a force-controlled electromag
netic actuator for driving the plunger under the plate.
17. The apparatus of claim 16, wherein the compression
force is proportional to the driving current signal applied to
the actuator.
18. An apparatus for carrying out a compression experi
ment on a sample of biological cells in a cell culture plate,
comprising
a holder configured for supporting the cell culture plate,
a post member having a contact surface fixed along a ver
tical axis, the post member being suspended over the
holder,
a force-controlled electromagnetic actuator located below
the holder, the actuator being configured to drive a cell
sample contained in the cell culture plate along the ver
tical axis into contact with the contact surface of the post
member,
a sensing device for determining an amount of force
exerted on the cell sample,
a displacement encoder configured to determine a relative
thickness of the cell sample corresponding to a particu
lar compressive force measured by the sensing device,
and

a computer programmed to control force and frequency of
compressive forces exerted on the cell sample, and to
assess mechanical properties of the cell sample based on
force and displacement data.
19. The apparatus of claim 18 further comprising
a sensing device for determining the amount of force
exerted on the cell sample, the displacement encoder
being configured to determine a relative thickness of the
cell sample corresponding to a particular compressive
force measured by the sensing device.
20. An apparatus for carrying out a compression experi
ment on a sample of biological cells in a cell culture plate,
comprising
a holder configured for supporting the cell culture plate,
a post member having a contact surface fixed along a ver
tical axis, the post member being suspended over the
holder,
a force-controlled electromagnetic actuator located below
the holder, the actuator being configured to drive a cell
sample contained in the cell culture plate along the ver
tical axis into contact with the contact surface of the post
member,
a displacement encoder configured to determine a relative
thickness of the cell sample, and
a computer programmed to control force and frequency of
compressive forces exerted on the cell sample, and to
assess mechanical properties of the cell sample based on
force and displacement data.
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