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Abstract—Due to the nonlinear, viscoelastic material prope
ties of brain, its mechanical response is dependent upon
total strain history. Therefore, a low strain rate, large strain w
likely produce a tissue injury unique from that due to a hi
strain rate, moderate strain. Due to a lack of current und
standing of specificin vivo physiological injury mechanisms,a
priori assumptions cannot be made that a low strain rate in
induced by currently employedin vitro injury devices is rep-
resentative of clinical, nonimpact, inertial head injuries. In t
present study, anin vitro system capable of mechanically in
juring cultured tissue at high strain rates was designed
characterized. The design of the device was based upon e
ing systems in which a clamped membrane, on which c
have been cultured, is deformed. However, the present sy
incorporates three substantial improvements:~1! noncontact
measurement of the membrane deflection during injury;~2!
precise and independent control over several characteristic
the deflection; and~3! generation of mechanical insults over
wide range of strains~up to 0.65! and strain rates~up to
15 s21!. Such a system will be valuable in the elucidation
the mechanisms of mechanical trauma and determination
injury tolerance criteria on a cellular level utilizing appropria
mechanical injury parameters. ©1998 Biomedical Engineer
ing Society.@S0090-6964~98!00203-3#

Keywords—Cell culture, Mechanical stimulus, Stretch injur
Dynamic loading.

INTRODUCTION

A great deal of effort has been expended in the
velopment of clinically relevantin vivo models of central
nervous system~CNS! injury,9 and a successfulin vitro
model should mimic these models closely while prov
ing data which are normally unobtainablein vivo. To
date, several different types ofin vitro devices have been
developed to mechanically injure CNS derived cells.
examine mechanisms involved in the post-traumatic
quelae, a plastic stylet has been used to induce phys
trauma to cells in a culture well.31 Lasers have been use
to transect single neuronal processes in culture with
affecting surrounding cells.14,19 Others have subjecte
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cells and tissue of various types to either dynamic
quasi-static changes in hydrostatic pressure in an ef
to simulate compression trauma.26,33 Another class of
models directly applies a load or acceleration to the c
tured cells, thereby causing injury.3,18,20 Many devices
injure cells by deforming the substrate on which the ce
have grown; measuring the displacement of the subst
allows for the possible quantification of the strain appli
to the cells.5,7,11 The device described herein is based
such a device with substantial improvements incorp
rated into its design.

One important piece of information that cannot
measured directly within vivo models is the strain his
tory of the brain during injury. Knowledge of the strai
history is particularly crucial in determining injury toler
ance criteria as well as in designing safety systems
prevent such injuries. Experimental work with subhum
primates has been able to reproduce clinically relev
injury outcomes including coma as well as axonal term
nal clubbing and diffuse axonal damage.1,6,10,27,30 At-
tempts to determine tissue strain have generally e
ployed high speed video of physical models filled wi
surrogate brain material subjected to similar forces
those that caused clinically relevant injuries in subhum
primates. Experimentally measured strains in the phy
cal models were correlated with histological finding
and it was suggested that strains between 0.10 and
with strain rates on the order of 10– 50 s21 were neces-
sary to produce damage.21,22,24,25 The device described
herein is capable of accurately and reproducibly gen
ating deformations at comparable strains and strain ra

Due to its nonlinear, viscoelastic material propertie
the mechanical response of brain tissue to deformatio
dependent upon its total strain history.16,28,34,37Some cur-
rently employedin vitro devices injure tissue using
relatively low strain rate (e8,1), but large strain
(0.31,e,1.70).7,23 The mechanical response of a no
linear, viscoelastic material to a low strain rate deform
tion will likely be different than its response to a mo
clinically relevant, high strain rate deformation. It
therefore unlikely that the physiological response
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382 MORRISON, MEANEY, and MCINTOSH
brain tissue to a high strain rate deformation~consistent
with in vivo injury! has been modeled with fidelity b
most currently employedin vitro injury devices.

It was the goal of the present work to characterize
device designed to mechanically injure cultured tissue
a manner consistent with loading conditions thought
cause nonimpact, inertial brain injuryin vivo. The device
is presented in detail with a representative selection
mechanical data acquired during an injury. The dev
description is augmented with a theoretical membra
analysis which allows for the calculation of the stra
field throughout the membrane from parameters m
sured during an experiment, in particular—displacem
of the center of the membrane. The data obtained w
the device~including strain! is compared to a more de
tailed, theoretical analysis of the deformation of t
membrane. This theoretical analysis of deformation
validated with physical casts of the deformed membra
while the strain calculations are compared to strain m
surements made on a specially marked membrane.
though these data would not be normally available d
ing an experiment, they were vital for establishing t
validity of the theoretical calculations describing stra
throughout the entire membrane as well as the dev
output. Although the device is capable of measuring
dynamic displacement of the membrane, due to techn
limitations the measurements of membrane strain
generation of casts were made on membranes which
been deformed statically but not dynamically.

MATERIALS AND METHODS

The device consists of three separate components
cell culture well, the base, and the solenoid and nee
valves. The cell culture well is comprised of a 60 m
stainless steel well with an 18 mm diameter hole in
center. A sheet of Sylgard membrane, 0.38 mm~0.015
in.! thick ~Specialty Manufacturing, Saginaw, MI! is at-
tached to the bottom of the well with an O-ring, there
sealing the well. Desired cells can be cultured in t
well on the exposed Sylgard membrane.

At the time of injury, the well is clamped to a bras
plate heated by a thin film resistive heating elem
~Minco, Minneapolis, MN!. A PID ~proportional, inte-
gral, and derivative! controller ~Omega Engineering
Stamford, CT! maintains the well and its contents
37 °C. The brass plate and well combination form
pressure vessel that is evacuated to deform the m
brane~Fig. 1!.

A laser displacement transducer~LDT! ~Omron Elec-
tronics, Schaumburg, IL! is situated beneath the bra
plate and is attached to a three-axis manipulator~New-
port, Ervine, CA! with a micrometer to measure th
displacement in the vertical direction. The LDT consis
of a laser light source and a position sensing dev
-

l

d

e

-

~PSD! ~Fig. 2!. The light is projected to the object, an
the diffuse reflection off the object is focused by the le
onto the PSD. Using principles of triangulation, the di
tance of the object from the sensor is determined a
converted to an output voltage. The bottom of the hea
brass plate contains a glass window so that the la
beam can strike the underside of the membrane and m
sure its displacement.

The final component of the system consists of the tw
solenoid and needle valve combinations which affo
fine control over the membrane deformation. One val
controls the duration of the vacuum pulse, which is r
sponsible for the deformation of the membrane, and
second controls the timing and duration that the press
vessel is allowed to vent. The needle valves, connec
to each solenoid valve, control the rate of flow of eith
the vacuum or the exhaust. All timing events are co
trolled by a computer outfitted with an analog/digita
~A/D! board ~ASO-1200 Keithley, Taunton, MA! which
is equipped with output as well as input channels. Tw
of the digital logic output channels are used to activa

FIGURE 1. A diagram of the injury device depicting the ma-
jor components is presented. A laser displacement trans-
ducer „LDT… is mounted on a three axis manipulator for cen-
tering the laser beam on the membrane. A micrometer in the
z direction is included for calibration of the LDT. The as-
sembled well, consisting of a silicone membrane held in
place on a stainless steel well with an O-ring, is clamped to
a heated brass plate forming a pressure chamber. The pres-
sure chamber is connected to two solenoid–needle valve
combinations „not shown …, which allow for control of the
membrane displacement. Tissue or cells are cultured on the
top side of the membrane which is displaced downward by a
vacuum pulse as depicted in the blow-up illustration. The
LDT measures the displacement of the center of the mem-
brane during the injury without affecting its deformation.
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FIGURE 2. A schematic of the LDT as well as calibration curves are presented. „A… A laser in the sensing head of the LDT
spot-illuminates the membrane. The diffuse reflection from the target is focused by a lens onto a position sensing device „PSD….
By utilizing principles of triangulation, the distance of the object from the sensing head is calculated and translated into a
voltage output. „B… The LDT was calibrated on a membrane which had been statically deformed to three different displacements,
0, 3.3, and 6.1 mm. Voltage readings were acquired every 2 mm over a span of 10 mm for a total of 6 points. A linear equation
was then fitted to the voltage readings. The three sets of raw data points and fitted calibration data points are plotted together.
Also included in the figure are the slopes of each fitted line as well as the R2 values. As is demonstrated by the similarity of
the three calibration curves, the curvature of the membrane does not affect either the linearity of the LDT nor its accuracy.
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cascaded transistor switches, which in turn energize
solenoid valves.

The custom software used to drive the A/D boa
captured the signal from the LDT and calculated
smoothed displacement trace from the raw displacem
data utilizing a Savitzky–Golay smoothing filter, whic
fit a second order polynomial over a local region of
points.29 From the smoothed displacement data, rad
Lagrangian strain at the center of the membrane w
calculated from the following formula:

ebiaxial5
2

3 S w

a D 2

2
2

15 S w

a D 4

1
2

35 S w

a D 6

,

wherew is the displacement of the center of the circu
membrane anda is the radius of the clamped membran
The above formula is derived from a simplified ge
metrical analysis of the deformed membrane, which
been presented in detail by Winston and colleagues.39 A
second Savitzky–Golay filter was used to calculate
strain rate from the strain data.

For each individual well prior to deformation, th
beam of the LDT was centered on the clamped circu
membrane and then calibrated with the micrometer in
z axis. To calibrate the LDT, readings were obtain
every 2 mm over 10 mm for a total of 6 points, and t
custom software performed a least squares linear fi
the data points. The coefficients~slope and intercept!
were then used to calculate the displacement of
membrane~Fig. 2!.

The theoretical strain field over the entire membra
was calculated. At strains of 0.10–0.65, the ratio
membrane thickness to deflection was greater than
consequently, the membrane was assumed to deform
clamped membrane and not as a clamped plate.4,36,38,39
t

;
a

The circular, clamped membrane was assumed to be
tropic, homogeneous, incompressible, and hyperela
and to be deformed by a pressure acting normal to
deformed surface. Bending moments throughout
membrane were assumed to be negligible. The comp
state of stress and strain in the deformed membrane
represented as a set of nonlinear ordinary differen
equations~see the Appendix!13,15,38 which were numeri-
cally solved in MATLAB ~The Math Works, Inc., Nat-
ick, MA! using an adaptive second order Runge–Ku
procedure.

Measurement of the circumferential strain was a
performed on a MicroComputer Imaging Device~MCID!
image analysis system~Imaging Research, Ontario
Canada!. The MCID system is a general purpose, P
based, image analysis package which allows for ima
acquisition as well as processing. Concentric rings w
transferred to the membrane of an assembled well wit
custom aluminum stamp. An image of the stamped me
brane was acquired and the distance of each of th
rings from the center of the well was measured with t
MCID system before and after a static deformation
the membrane. Circumferential strain was calculated
the change in distance of a given ring from the cen
divided by its original distance. Rings on each membra
were measured three times, and a total of three differ
membranes were used. Precision of the digitized ima
and measurements is 30mm per pixel. Radial strain was
not measured.

Casts of the deformed membrane were made w
poly-methyl-methacrylate dental cement. The membra
was deformed a desired amount by evacuating the p
sure chamber formed by the well and brass plate. T
chamber was sealed so as to maintain a constant vacu
and a cast of the deformed membrane was made
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384 MORRISON, MEANEY, and MCINTOSH
filling the open side of the well with dental cement a
allowing it to cure. All casts were then cut in half, an
the exposed surface ground smooth. Care was take
ensure that the exposed surface represented a diame
the circular mold. These casts were digitized using
MCID system, and the images were digitally traced u
ing CorelDraw~Corel, Ottawa, Canada! to produce a line
representation of the cast. Precision of the digitized
ages is 30mm per pixel.

RESULTS

The LDT produced a linear output over the range
interest (R2.0.99) as depicted in Fig. 2. After calibra
tion, displacement data for a particular membrane
various system settings was acquired~Fig. 3!. The device
is capable of producing strains over either a very sh
@Fig. 3~A!# or an extended period of time@Fig. 3~B!#.
The system was successfully engineered to operate
several orders of magnitude to offer flexibility in expe
mental design.

The device was designed so that the strain rate ca
adjusted independently of other parameters associ
with the displacement, such as relaxation rate and st
@Fig. 4~A!#. Relaxation rate can be adjusted indepe
dently of other parameters associated with the displa
ment @Fig. 4~B!# as can the duration@Fig. 4~C!#. Figure
3~C! illustrates a 90 ms displacement which can be co
pared to the 20 ms displacement in Fig. 3~A!; all other
aspects of the deformation remained identical. The
vice was found to provide an extremely sensitive deg
of control over relevant injury parameters.

To determine the effect of membrane curvature on
accuracy, the LDT was calibrated with the membrane
three separate, static displacements, 0, 3.3, and 6.1
When the membrane is displaced 3.3 mm at its cente
adopts the conformation of a sphere with a radius of 1
mm; when the membrane is displaced 6.1 mm at
center, it adopts the conformation of a sphere with
radius of 9.7 mm.39 The three calibration curves alon
with the raw data are plotted in Fig. 2. With all of th
system settings constant~needle valve settings, vacuum
level, and timing!, two displacement traces were a
quired with each of these calibration factors~data not
shown!. Parameters of importance from each of the
experimental traces are summarized as mean6 standard
deviation ~SD!: strain50.1560.007, strain rate516.38
60.70, and relaxation rate514.3960.39.

The theoretical radial and circumferential~l1 andl2 ,
respectively! stretch ratios across the membrane rad
were calculated for center stretch ratios of 1.25@Fig.
5~A!# and 1.65@Fig. 5~B!#, which correspond to cente
displacements of 5.5 and 8.0 mm, respectively. Circu
ferential stretch ratios were measured and have b
incorporated into Fig. 5. The simplified, geometrical fo
o
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FIGURE 3. Displacement, strain, and strain rate data ac-
quired from three experiments at different settings. „A… Data
from an experiment with a displacement lasting 20 ms with a
strain rate of over 15 s 21. Most other contemporary in vitro
injury devices cannot attain strain rates of this magnitude.
„B… System settings have been changed to produce a defor-
mation lasting 10 s. Note that since strain is applied over a
longer duration, the maximum strain rate has decreased to
approximately 0.02 s 21 and is represented on the right axis
in this figure. The experimental data also demonstrates that
the shape of the displacement phase and the relaxation
phase can be changed independently of each other. „C… All
system settings are identical to those in „A… except for the
delay between the firing of the vacuum and exhaust solenoid
valves. The duration of the strain has been increased from
20 to 90 ms, while other aspects of the strain pulse are
unchanged.
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385QuantitativeIn Vitro Injury Device
mula for the biaxial strain at the center of the membra
was in close agreement with the full set of theoreti
calculations, underestimating by 0.02~0.23 vs 0.25! the
center strain at a displacement of 5.5 mm.

Due to the hyperelastic strain energy function used
model the Sylgard membrane~see Appendix!, the defor-
mation is independent of the modulus of rigidity,G. It is
of interest to note that the deformation is not depend
uponk1 below a stretch ratio of 2.00. The deformation
also relatively insensitive to the value ofk2 at stretch
ratios less than 1.65.13 The largest discrepancy in th
calculations using extreme values ofk2 ~k250.000 or

FIGURE 4. Various aspects of a mechanical stimulus, includ-
ing strain rate „A…, relaxation rate „B…, and duration „C…, can
be changed independently of each other demonstrating the
unique control afforded by this device. Strain rate is altered
by adjusting the needle valve on the vacuum solenoid; re-
laxation rate is altered by adjusting the needle valve on the
exhaust solenoid; duration is adjusted by altering the delay
between activation of the two solenoid valves.
 k250.0004! was a slight change in the radial strain at t

edge of the clamped membrane from 0.32 to 0.35.
Membrane casts were made for the following cen

displacements: 3.1, 3.7, 4.3, 5.5, and 8.0 mm, wh
correspond to biaxial stretch ratios at the center of 1.
1.11, 1.15, 1.25, and 1.65, respectively. The digitiz
profiles of the casts were superimposed over the ca
lated membrane profiles~Fig. 6!.

DISCUSSION

The model described herein was based on a type
device which deforms a substrate on which cultured
sue has attached. Substantial improvements were in
porated into the design of the system which reproduci

FIGURE 5. Calculation of the radial and circumferential „l1
and l2 , respectively … stretch ratios for center displacements
of 5.5 mm „A… and 8 mm „B…. Measured circumferential
stretch ratios at various points are also included as mean
6SD and show agreement over most of the radial distance.
The large standard deviation of the measured strain close to
the center of the membrane is due to the precision of the
charge-coupled device „CCD… camera used to digitize the
membrane and the small size of the inner concentric rings.
The precision of the measurements is essentially 61 pixel
which creates a large error in the calculation of strain when
the size of the ring is small.
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386 MORRISON, MEANEY, and MCINTOSH
generated mechanical stimuli at strains between 0.10 a
0.65, and strain rates as high as 15 s21, which are con-
sistent with those thought to occur in noncontact, inerti
head injuriesin vivo.9,10,22 This injury device was also
designed with the flexibility to mechanically stimulate
cultured cells at noninjurious levels so that physiologic
cellular responses could be compared with pathophy
ological responses. The system afforded an unpre
edented level of control over the exact shape of th
mechanical stimulus via precise and independent cont
of several parameters including strain, strain rate, rela
ation rate, and strain duration. To fully characterize th
device, a theoretical analysis of membrane deformati
was undertaken. Theoretical results of the membra
profile were compared to casts made of the deform
membrane, while theoretically calculated circumferenti
strain was compared to measured circumferential stra
Although this information would not be normally avail-
able during an experiment, it was acquired in these e
periments to validate the strain data output from th
device.

The ability to generate high strain rate deformation
as well as precisely control those deformations is pa
ticularly critical in light of the mechanical properties of
brain tissue. The mechanical response of a viscoelas
material such as brain at two different strain rates w
differ, and it is likely that the biochemical or cellular
response of nervous system tissue subjected to two d
ferent strain rates will also differ. Galbraith and col
leagues measured the resting potential of the giant sq

FIGURE 6. Calculated membrane profiles have been super-
imposed on experimental membrane profiles digitally traced
from casts of deformed membranes. The calculated profiles
match the actual profile over much of the membrane radius.
The clamped boundary condition produces bending mo-
ments at the edge of the membrane which impart the sigmoi-
dal shape.
d

-

l

.

-

axon during uniaxial stretch and recovery.8 It was found
that the axon transiently depolarized in response
uniaxial stretch and that as the rate of loading increas
the time required for recovery also increased. Cargill a
Thibault found that high strain rate but not quasi-sta
deformations resulted in an increase in intracellular f
calcium in neuroblastoma–glioma cells.5 LaPlaca and
colleagues have found a similar dependence of increa
intracellular free calcium on loading rate in a differe
injury system utilizing terminally differentiated N-tera-
cells.17,18 In the same experiments, lactate dehydrogen
release was dependent on loading rate as well. There
the response of biological tissue to injury appears to
sensitive to the rate of loading. Consequently, to elu
date injury mechanisms, it is paramount that tissue
injured in a clinically relevant manner, i.e., at releva
strains and strain rates. The device described herein
vides a means of injuring tissuein vitro at strains and
strain rates similar to those thought to be responsible
nonimpact, inertial head injuryin vivo.22,25 It also allows
for the precise and independent control of several par
eters associated with the injury. This degree of cont
will be necessary to understand the dependence of
response to injury on the loading rate and the magnit
of the injury.

A substantial improvement associated with this dev
was the ability to perform noncontact displacement m
surement of the membrane during deformation. In ot
membrane-based devices, membrane deflection has
measured by several means. Although these meth
were able to generate rough measurements of memb
displacement, each has inherent limitations. Gorfien
colleagues11 measured membrane deflection with a sti
that rested on the surface of the membrane and mo
up and down past a ruler. The stick rested on the me
brane of a well that had not been plated with cells a
was attached to a manifold of other wells; it was a
sumed that all wells deformed in an identical manner a
that the stick did not affect the deformation. Ellis an
colleagues7 videotaped a membrane as it deformed pas
ruler and determined the displacement at intervals
approximately 30 ms. This method cannot be applied
displacements that occur in less than 30 ms. Cargill a
Thibault5 measured the deforming pressure during
injury and later calibrated static displacement to pressu
The displacement during injury is dynamic and is the
fore influenced by mass effects associated with the m
brane as well as the compressibility of air which are n
considered during the static pressure–displacement
bration. Instead of relying on inferred information, th
system described herein is capable of measuring the
placement directly with the LDT for every experime
without affecting the deformation of the membrane.

In the present study, the LDT measured backscatte
laser light reflected off the target object. Since the ex
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387QuantitativeIn Vitro Injury Device
nature of the reflected light depends on several fac
including surface characteristics of the target, it was n
essary to calibrate the LDT for each individual mem
brane. Because the LDT was calibrated with the me
brane in a flat, undeformed position, there was so
concern that as the membrane deformed and assum
curved shape, the laser would be reflected differen
and the original calibration would not be valid. Our r
sults demonstrated that the curvature of the deform
membrane did not affect the calibration of the LDT@Fig.
2~B!#. To demonstrate that the device generates a v
reproducible deformation, six deformations, two wi
each of the three different calibrations, were acquir
The six traces were found to be very similar with
maximum strain discrepancy of approximately 0.02 w
a mean of 0.1560.007 (mean6SD). The overall shape
of the strain histories was also very similar with a stra
rate of 16.3860.70 and a relaxation rate of 14.3960.39.
The data presented in Fig. 2 validate the LDT calibrat
method and demonstrate that the LDT accurately m
sures the displacement of the membrane during the in
despite the increase in membrane curvature as it
formed.

In an effort to fully characterize this novel injur
device, the strain field across the membrane was ca
lated. It was assumed that at deflections ofw/a.3, the
membrane resisted deformation as a membrane and
as a beam.4,32,38 Measured circumferential strain agree
well with the calculated strain over most of the radius.
addition, the calculated profiles of the displaced me
brane agreed with the actual profiles over most of
radius. Discrepancies appeared to be caused by the
sumption that the bending moment throughout the me
brane was negligible. The effect of the bending mom
was most evident at the clamped edge of the membr
and may have been responsible for the discrepancy
tween calculated and measured strain as well as the
moidal shape seen in the actual profiles. Even atw/a
.20 ~a deflection of 8.0 mm, which is considered to
well into the membrane regime of deformation!, edge
effects were still evident.4,36,38 The close agreement o
actual to measured values substantiated the choice
hyperelastic material property for the Sylgard membra
It appeared as though the deflections of interest h
represented a region of transition from purely beam
havior to membrane behavior. The above calculatio
were valid over most of the radius with the caveat th
due to the bending effects, the solutions may not be v
at the clamped edge. These results suggest that cel
tissue should not be cultured near the edges of the
where the membrane is clamped.
a
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-
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CONCLUSION

A deeper understanding of both the physical and c
lular mechanisms involved in the pathophysiology
brain injury is necessary to more effectively care for t
head injured population, and thein vitro model described
herein may provide new insights. Althoughin vitro mod-
els of injury cannot replacein vivo models, their major
limitations may be, for specific hypotheses, their great
assets. By employing specifically designedin vitro mod-
els, it is possible to study a purely mechanical injury
the absence of secondary injury mechanisms, and
model allows for the mechanical insult to be direct
measured and precisely controlled. To gain insight in
the more complex mechanisms associated with the p
traumatic sequelae, secondary factors can be supe
posed on the purely mechanical insult.5,35 With the aid of
greater control afforded by this model over the mecha
cal insult at large strains and high strain rates, it is hop
that improved tissue tolerance criteria can be develo
to better engineer preventative equipment and that
providing the means to better understand the po
traumatic sequelae, management of the traumatic
brain-injured patient can be improved.
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APPENDIX

The theory of elasticity is presented as it applies s
cifically to circular clamped membranes. If the princip
radii of curvature are large compared with the membra
thickness and the stretch ratios are sufficiently large, t
the equations of equilibrium may neglect stress var
tions over the shell thickness. It will further be assum
that the material is homogeneous, isotropic, and inco
pressible, and is subjected to a pressure acting norma
the membrane at all times.

The material is assumed to behave as a hyperela
material and is governed by the following strain ener
equations:12

]W

]I 1
5G exp k1~ I 123!2, ~A1!
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]W

]I 2
5

Gk2

I 2
, ~A2!

whereG, k1, andk2 are material specific parameters.I 1
and I 2 are the first and second invariants of the str
tensor.

The complete set of governing equations may be s
into three categories, geometrical, equilibrium, and el
ticity considerations.2,13,15 For the coordinate depende
quantities, a subscript of 1 denotes a line of radius in
undeformed state and a line of longitude in the deform
state; a subscript of 2 denotes a line of circumference
the undeformed and a line of latitude in the deform
state: a subscript of 3 denotes the direction normal to
surface of the membrane.

Dimensional quantities are nondimensionalized as
lows and are indicated by a prime notation. Stress res
ants,T1 and T2, are replaced byT18 and T28 , where

T185
T1

2hG
, ~A3!

T285
T2

2hG
. ~A4!

All linear dimensions are divided by the characteris
length r0 , the radius of the clamp, or equivalently, th
undeformed membrane. Dimensional pressure is repla
by nondimensional pressure,P8, given by

P85P
r0

2hG
. ~A5!

The thickness of the undeformed membrane ish
which appears in the above equations. The radius in
deformed state isr . The curvature in the principle direc
tions is represented byk, and stretch ratios are repre
sented byl.

The deformed geometry is shown in Fig. A1. B
definition and by geometrical analysis the following a
calculated:

l15
ds8

dr8
, ~A6!

l25
r 8

r8
, ~A7!

dr8

ds8
5cosu, ~A8!
d

k185
du

ds
, ~A9!

k285
sin u

r 8
. ~A10!

By manipulation of the above equations, the followin
geometric relationships are obtained:

dr8

dr8
5l1 cosu, ~A11!

dz

ds
52sin u, ~A12!

dr8

dr8
5l1A12~k28r 8!2, ~A13!

dl2

dr8
5

1

r8 S dr8

dr8
2l2D , ~A14!

dk28

dr8
5

dr8

dr8
S k182k28

r 8
D , ~A15!

dz8

dr8
52l1k28r 8. ~A16!

The conditions of equilibrium are ensured by the fo
lowing equations assuming that the thickness of
membrane is small compared to the curvature:

k18T181k28T285P8, ~A17!

FIGURE A1. A meridian cross-section of the deformed mem-
brane is presented. The surface S is the surface of the de-
formed membrane which is axisymmetrical about the Z axis.
The deformed radius is depicted by r, and the angle u is the
angle of declination from the axis of symmetry of the normal
to the deformed membrane outer surface.
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2k28T185P8. ~A18!

The first equation specifies equilibrium in the dire
tion normal to the surface of the membrane. The sec
specifies equilibrium in the axial direction, taking in
account the axial symmetry of the deformed membra
as well as the constant internal pressure.

Three elasticity equations can be written which ta
into account specific material properties:

l35
1

l1l2
, ~A19!

T185l3~l1
22l3

2!S exp@k1~ I 123!2#1
l2

2k2

I 2
D ,

~A20!

T285l3~l2
22l3

2!S exp@k1~ I 123!2#1
l1

2k2

I 2
D .

~A21!

The first equation is dictated by the assumption t
the material is incompressible, whereas the specific
ture of the other two is dependent upon the hyperela
nature of the material property. Therefore, the compl
state of stress and strain of the membrane is defined
a total of one independent variable~r! and ten dependen
variables, constrained by a system of ten nonlinear eq
tions, ~A7! and ~A13!–~A21!, which can be solved
numerically.

REFERENCES

1Adams, J. H., D. I. Graham, L. S. Murray, and G. Sco
Diffuse axonal injury due to nonmissile head injury in h
mans: An analysis of 45 cases.Ann. Neurol.12:557–563,
1981.

2Adkins, J. E., and R. S. Rivlin. Large elastic deformations
isotropic materials IX. The deformation of thin shells.Philos.
Trans. R. Soc. London, Ser. A244:505–531, 1952.

3Balentine, J. D., W. B. Greene, and M. Bornstein.In vitro
spinal cord injury.Lab. Invest.58:93–99, 1988.

4Brodland, G. W. Highly non-linear deformations o
uniformly-loaded circular plates.Int. J. Solids Struct.
24:351–362, 1988.

5Cargill, R. S., and L. E. Thibault. Acute alterations
@Ca21# i in NG 108-15 cells subjected to high strain ra
deformation and chemical hypoxia: Anin vitro model for
neural trauma.J. Neurotrauma.13:396–407, 1996.

6Christman, C. W., M. S. Grady, S. A. Walker, K. L. Hollo
way, and J. T. Povlishock. Ultrastructural studies of diffu
axonal injury in humans.J. Neurotrauma11:173–186, 1994.

7Ellis, E. F., J. S. McKinney, K. A. Willoughby, S. Liang, an
J. T. Povlishock. A new model for rapid stretch-induc
injury of cells in culture: Characterization of the model usi
astrocytes.J. Neurotrauma12:325–339, 1995.

8Galbraith, J. A., L. E. Thibault, and D. R. Matteson. M
chanical and electrical responses of the giant squid axo
simple elongation.J. Biomech. Eng.115:13–22, 1993.
-

y

-

9Gennarelli, T. A. Animate models of head injury.J. Neu-
rotrauma 11:357–368, 1994.

10Gennarelli, T. A., L. E. Thibault, J. H. Adams, D. I. Graham
C. J. Thompson, and R. P. Marcincin. Diffuse axonal inju
and traumatic coma in the primate.Ann. Neurol.12:564–574,
1982.

11Gorfien, S. F., F. K. Winston, L. E. Thibault, and E.
Macarak. Effects of biaxial deformation on pulmonary end
thelial cells.J. Cell Physiol. 139:492–500, 1989.

12Hart-Smith, L. J. Elasticity parameters for finite deformatio
of rubber-like materials.Z. Angew. Math. Phys.17:608–626,
1966.

13Hart-Smith, L. J., and J. D. C. Crisp. Large elastic deform
tions of thin rubber membranes.Int. J. Eng. Sci.5:1–24,
1967.

14Kirkpatrick, J. B., M. L. Higgins, J. H. Lucas, and G. W
Gross.In vitro simulation of neural trauma by laser.J. Neu-
ropathol. Exp. Neurol.44:268–284, 1985.

15Klingbeil, W. W., and R. T. Shield. Some numerical inve
tigations on empirical strain energy functions in the lar
axi-symmetric extensions of rubber membranes.Z. Angew.
Math. Phys.15:608–629, 1964.

16Koeneman, J. B. Viscoelastic properties of brain tissue.
thesis, Case Institute of Technology, Cleveland, OH, 196

17LaPlaca, M. C., V. M. Lee, and L. E. Thibault. Anin vitro
model of traumatic neuronal injury: Loading rate-depend
changes in acute cytosolic calcium and lactate dehydroge
release.J. Neurotrauma14:355–368, 1997.

18LaPlaca, M. C., and L. E. Thibault. Anin vitro traumatic
injury model to examine the response of neurons to a hyd
dynamically induced deformation.Ann. Biomed. Eng.
25:665–677, 1997.

19Lucas, J. H.In vitro models of mechanical injury.J. Neu-
rotrauma 9:117–121, 1992.

20Lucas, J. H., and A. Wolf.In vitro studies of multiple impact
injury to mammalian CNS neurons: prevention of perikary
damage and death by ketamine.Brain Res. 543:181–193,
1991.

21Margulies, S. S. Biomechanics of traumatic coma in the p
mate. Ph.D. Thesis, University of Pennsylvania, Philadelph
PA, 1990.

22Margulies, S. S., L. E. Thibault, and T. A. Gennarelli. Phy
cal model simulations of brain injury in the primate.J. Bio-
mech.23:823–836, 1990.

23McKinney, J. S., K. A. Willoughby, S. Liang, and E. F. Ellis
Stretch-induced injury of cultured neuronal, glial, and end
thelial cells: Effect of polyethelene glycol-conjugated sup
oxide dismutase.Stroke27:934–940, 1996.

24Meaney, D. F. Biomechanics of acute subdural hematom
the subhuman primate and man. Ph.D. Thesis, University
Pennsylvania, Philadelphia, PA, 1991.

25Meaney, D. F., and L. E. Thibault. Physical model studies
cortical brain deformation in response to high strain ra
inertial loading. In: International Conference on the Biom
chanics of Impacts. Lyon, France: IRCOBI, 1990, pp. 21
224.

26Murphy, E. J., and L. A. Horrocks. A model for compressio
trauma: pressure induced injury in cell cultures.J. Neu-
rotrauma. 10:431–444, 1993.

27Oppenheimer, D. R. Microscopic lesions in the brain follow
ing head injury.J. Neurol. Neurosurg. Psychiatry31:299–
306, 1968.

28Pamidi, M. R., and S. H. Advani. Nonlinear constitutiv
relations for human brain tissue.J. Biomech. Eng.100:44–
48, 1978.

29Press, W. H., S. A. Teukolsky, W. T. Vetterling, and B.



ci-
:

he

/
orti-
.
ro-
ri-
ti-

an,
: A

of
.

er-
h-

of

for

s
stic

E.
e-

390 MORRISON, MEANEY, and MCINTOSH
Flannery. Statistical description of Data. In: Numerical Re
pes in C, the Art of Scientific Computing. Cambridge, MA
Cambridge University Press, 1992, pp. 609–655.

30Rand, C. W., and C. B. Courville. Histological changes in t
brain in cases of fatal injury to the head.Arch. Neurol.
Psychiatry31:526–555, 1934.

31Regan, R. F., and D. W. Choi. The effect of NMDA, AMPA
kainate, and calcium channel antagonists on traumatic c
cal neuronal injury in culture.Brain Res.633:236–242, 1994

32Reissner, E. On finite deflections of circular plates. In: P
ceedings of Symposia in Applied Mathematics of the Ame
can Mathematical Society. New York: American Mathema
cal Society, 1949, pp. 213–219.

33Shepard, S. R., J. B. G. Ghajar, R. Giannuzzi, S. Kupferm
and R. J. Hariri. Fluid percussion barotrauma chamber
new in vitro model for traumatic brain injury.J. Surg. Res.
51:417–424, 1991.

34Shuck, L. Z., and S. H. Advani. Rheological response
human brain tissue in shear.Trans. ASME, J. Basic Eng
12:905–911, 1972.
35Tavalin, S. J., E. F. Ellis, and L. S. Satin. Mechanical p
turbation of cultured cortical-neurons reveals a stretc
induced delayed depolarization.J. Neurophysiol.74:2767–
2773, 1995.

36Thibault, L. E., and D. L. Fry. Mechanical characterization
membranelike biological tissue.J. Biomech. Eng.105:31–38,
1983.

37Wang, H. C., and A. S. Wineman. A mathematical model
the determination of viscoelastic behavior of brainin vivo- I
oscillatory response.J. Biomech.5:431–446, 1972.

38Williams, J. L., J. H. Chen, and D. M. Belloli. Strain field
on cell stressing devices employing clamped circular ela
diaphrams as substrates.J. Biomech. Eng.114:377–384,
1992.

39Winston, F. K., E. J. Macarak, S. F. Gorfien, and L.
Thibault. A system to reproduce and quantify the biom
chanical environment of the cell.J. Appl. Physiol.67:397–
405, 1989.


