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Abstract—Due to the nonlinear, viscoelastic material proper-

cells and tissue of various types to either dynamic or

ties of brain, its mechanical response is dependent upon itsquasi-static changes in hydrostatic pressure in an effort

total strain history. Therefore, a low strain rate, large strain will
likely produce a tissue injury unique from that due to a high
strain rate, moderate strain. Due to a lack of current under-
standing of specifiin vivo physiological injury mechanisms,
priori assumptions cannot be made that a low strain rate injury
induced by currently employeth vitro injury devices is rep-
resentative of clinical, nonimpact, inertial head injuries. In the
present study, atin vitro system capable of mechanically in-
juring cultured tissue at high strain rates was designed and

to simulate compression traurf&>® Another class of
models directly applies a load or acceleration to the cul-
tured cells, thereby causing injuty®?° Many devices
injure cells by deforming the substrate on which the cells
have grown; measuring the displacement of the substrate
allows for the possible quantification of the strain applied
to the cells " The device described herein is based on

characterized. The design of the device was based upon exist-such a device with substantial improvements incorpo-
ing systems in which a clamped membrane, on which cells (gted into its design.

have been cultured, is deformed. However, the present system

incorporates three substantial improvemen(ts; noncontact
measurement of the membrane deflection during injy8);

One important piece of information that cannot be
measured directly withn vivo models is the strain his-

precise and independent control over several characteristics oftory of the brain during injury. Knowledge of the strain

the deflection; and3) generation of mechanical insults over a
wide range of straingup to 0.65 and strain ratequp to
15s1). Such a system will be valuable in the elucidation of

the mechanisms of mechanical trauma and determination of

injury tolerance criteria on a cellular level utilizing appropriate
mechanical injury parameters. @998 Biomedical Engineer-
ing Society[S0090-69648)00203-3

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

INTRODUCTION

A great deal of effort has been expended in the de-
velopment of clinically relevanin vivo models of central
nervous systenfCNS) injury,® and a successfih vitro
model should mimic these models closely while provid-
ing data which are normally unobtainabie vivo. To
date, several different types wof vitro devices have been
developed to mechanically injure CNS derived cells. To
examine mechanisms involved in the post-traumatic se-

quelae, a plastic stylet has been used to induce physical

trauma to cells in a culture well. Lasers have been used

history is particularly crucial in determining injury toler-
ance criteria as well as in designing safety systems to
prevent such injuries. Experimental work with subhuman
primates has been able to reproduce clinically relevant
injury outcomes including coma as well as axonal termi-
nal clubbing and diffuse axonal damatfe'®?7%0 At-
tempts to determine tissue strain have generally em-
ployed high speed video of physical models filled with
surrogate brain material subjected to similar forces as
those that caused clinically relevant injuries in subhuman
primates. Experimentally measured strains in the physi-
cal models were correlated with histological findings,
and it was suggested that strains between 0.10 and 0.50
with strain rates on the order of 10—50'swere neces-
sary to produce damagé???4?®*The device described
herein is capable of accurately and reproducibly gener-
ating deformations at comparable strains and strain rates.
Due to its nonlinear, viscoelastic material properties,
the mechanical response of brain tissue to deformation is
dependent upon its total strain histdf?®343’Some cur-
rently employedin vitro devices injure tissue using a

to transect single neuronal processes in culture without rélatively low strain rate ¢’ <1), but large strain

affecting surrounding cel®'°® Others have subjected
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(0.31< €< 1.70).”>> The mechanical response of a non-
linear, viscoelastic material to a low strain rate deforma-
tion will likely be different than its response to a more
clinically relevant, high strain rate deformation. It is
therefore unlikely that the physiological response of
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brain tissue to a high strain rate deformati@onsistent Membrane
with in vivo injury) has been modeled with fidelity by Pv‘,
most currently employeéh vitro injury devices. AN S
It was the goal of the present work to characterize a Well AN J
device designed to mechanically injure cultured tissue in Heated Brass Plate = :%To Vacuum
a manner consistent with loading conditions thought t0 g —

cause nonimpact, inertial brain injuity vivo. The device
is presented in detail with a representative selection of
mechanical data acquired during an injury. The device
description is augmented with a theoretical membrane
analysis which allows for the calculation of the strain
field throughout the membrane from parameters mea-
sured during an experiment, in particular—displacement
of the center of the membrane. The data obtained with
the device(including strain is compared to a more de-
tailed, theoretical analysis of the deformation of the
membrane. This theoretical analysis of deformation is
validated with physical casts of the deformed membrane, &
while the strain calculations are compared to strain mea- & /=5
surements made on a specially marked membrane. Al-
though these data would not be normally available dur- FIGURE 1. A diagram of the injury device depicting the ma-
ing an experiment, they were vital for establishing the 1oF components is presented. A laser displacement trans-
L T . . . ducer (LDT) is mounted on a three axis manipulator for cen-
validity of the theoretical calculations describing strain tering the laser beam on the membrane. A micrometer in the
throughout the entire membrane as well as the device z direction is included for calibration of the LDT. The as-
output. Although the device is capable of measuring the sembled well, consisting of a silicone membrane held in
. . . place on a stainless steel well with an O-ring, is clamped to
dynamic displacement of the membrane, due to technical 3 peated brass plate forming a pressure chamber. The pres-
limitations the measurements of membrane strain andsure chamber is connected to two solenoid—needle valve

generation of casts were made on membranes which haccombinations  (not shown ), which allow for control of the
membrane displacement. Tissue or cells are cultured on the

been deformed Stat'ca”y but not dynam'ca"y- 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-

MATERIALS AND METHODS brane during the injury without affecting its deformation.

Laser Beam

3-Axis
' Manipulator

The device consists of three separate components: the
cell culture well, the base, and the solenoid and needle
valves. The cell culture well is comprised of a 60 mm (PSD (Fig. 2). The light is projected to the object, and
stainless steel well with an 18 mm diameter hole in the the diffuse reflection off the object is focused by the lens
center. A sheet of Sylgard membrane, 0.38 015 onto the PSD. Using principles of triangulation, the dis-
in.) thick (Specialty Manufacturing, Saginaw, Mis at- tance of the object from the sensor is determined and
tached to the bottom of the well with an O-ring, thereby converted to an output voltage. The bottom of the heated
sealing the well. Desired cells can be cultured in this brass plate contains a glass window so that the laser
well on the exposed Sylgard membrane. beam can strike the underside of the membrane and mea-
At the time of injury, the well is clamped to a brass sure its displacement.
plate heated by a thin film resistive heating element  The final component of the system consists of the two
(Minco, Minneapolis, MN. A PID (proportional, inte- solenoid and needle valve combinations which afford
gral, and derivative controller (Omega Engineering, fine control over the membrane deformation. One valve
Stamford, CT maintains the well and its contents at controls the duration of the vacuum pulse, which is re-
37 °C. The brass plate and well combination form a sponsible for the deformation of the membrane, and the
pressure vessel that is evacuated to deform the mem-second controls the timing and duration that the pressure

brane (Fig. 1). vessel is allowed to vent. The needle valves, connected
A laser displacement transduc&DT) (Omron Elec- to each solenoid valve, control the rate of flow of either

tronics, Schaumburg, JLis situated beneath the brass the vacuum or the exhaust. All timing events are con-

plate and is attached to a three-axis manipul@itew- trolled by a computer outfitted with an analog/digital

port, Ervine, CA with a micrometer to measure the (A/D) board(ASO-1200 Keithley, Taunton, MAwhich
displacement in the vertical direction. The LDT consists is equipped with output as well as input channels. Two
of a laser light source and a position sensing device of the digital logic output channels are used to activate
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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 R? 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.

cascaded transistor switches, which in turn energize theThe circular, clamped membrane was assumed to be iso-
solenoid valves. tropic, homogeneous, incompressible, and hyperelastic
The custom software used to drive the A/D board and to be deformed by a pressure acting normal to the
captured the signal from the LDT and calculated a deformed surface. Bending moments throughout the
smoothed displacement trace from the raw displacementmembrane were assumed to be negligible. The complete
data utilizing a Savitzky—Golay smoothing filter, which state of stress and strain in the deformed membrane was
fit a second order polynomial over a local region of 69 represented as a set of nonlinear ordinary differential
points?® From the smoothed displacement data, radial equations(see the Appendix®538which were numeri-
Lagrangian strain at the center of the membrane wascally solved in MATLAB (The Math Works, Inc., Nat-

calculated from the following formula: ick, MA) using an adaptive second order Runge—Kutta
procedure.
2 (w\2 2 (w\* 2 [w\® Measurement of the circumferential strain was also

“aia=3 | 3] “151a) T35la

' performed on a MicroComputer Imaging Devi@dCID)
image analysis system(lmaging Research, Ontario,
wherew is the displacement of the center of the circular Canada The MCID system is a general purpose, PC
membrane and is the radius of the clamped membrane. based, image analysis package which allows for image
The above formula is derived from a simplified geo- @acquisition as well as processing. Concentric rings were
metrical analysis of the deformed membrane, which has transferred to the membrane of an assembled well with a

been presented in detail by Winston and colleagtigs. ~ custom aluminum stamp. An image of the stamped mem-
second Savitzky—Golay filter was used to calculate the brane was acquired and the distance of each of these
strain rate from the strain data. rings from the center of the well was measured with the

For each individual well prior to deformation, the MCID system before and after a static deformation of
beam of the LDT was centered on the clamped circular the membrane. Circumferential strain was calculated as
membrane and then calibrated with the micrometer in the the change in distance of a given ring from the center
z axis. To calibrate the LDT, readings were obtained divided by its original distance. Rings on each membrane
every 2 mm over 10 mm for a total of 6 points, and the were measured three times, and a total of three different
custom software performed a least squares linear fit to membranes were used. Precision of the digitized images
the data points. The coefficientslope and intercept and measurements is 3on per pixel. Radial strain was
were then used to calculate the displacement of the not measured.
membrane(Fig. 2). Casts of the deformed membrane were made with

The theoretical strain field over the entire membrane poly-methyl-methacrylate dental cement. The membrane
was calculated. At strains of 0.10-0.65, the ratio of was deformed a desired amount by evacuating the pres-
membrane thickness to deflection was greater than 3;sure chamber formed by the well and brass plate. The
consequently, the membrane was assumed to deform as @hamber was sealed so as to maintain a constant vacuum,
clamped membrane and not as a clamped flEté®3°  and a cast of the deformed membrane was made by
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filling the open side of the well with dental cement and — Displacement
allowing it to cure. All casts were then cut in half, and —Saa
the exposed surface ground smooth. Care was taken to » o
ensure that the exposed surface represented a diameterc = ! 012
the circular mold. These casts were digitized using the E; 0 ] oo
MCID system, and the images were digitally traced us- £ ?\; -
ing CorelDraw(Corel, Ottawa, Canadao produce a line gz 1 l 008 g
representation of the cast. Precision of the digitized im- § § 0 o ‘ 005 7
i . = R\
ages is 30um per pixel. ga R g.;/g o
-10 l| 0.02
RESULTS . ] ‘J,\ -
The LDT produced a linear output over the range of Time (s) . A
interest R?>0.99) as depicted in Fig. 2. After calibra- 2= Seunran
tion, displacement data for a particular membrane at " s”::s
various system settings was acqui€dg. 3). The device o A\ 1
is capable of producing strains over either a very short X )4 | 008
[Fig. 3(A)] or an extended period of timgFig. 3B)]. £ — o0t T
The system was successfully engineered to operate over B ot N oS Y
several orders of magnitude to offer flexibility in experi- § s HA == \\ ' g &
mental design. - ! == 000 é
The device was designed so that the strain rate can be 5 » L Lo 2
adjusted independently of other parameters associated 2 ‘\ 4
with the displacement, such as relaxation rate and strain 1 v 00
[Fig. 4A)]. Relaxation rate can be adjusted indepen- T 0
dently of other parameters associated with the displace- Time (s) T B
ment[Fig. 4B)] as can the duratiofFig. 4C)]. Figure m
3(C) illustrates a 90 ms displacement which can be com- " [=——swmin |
pared to the 20 ms displacement in FigAR all other | o
aspects of the deformation remained identical. The de- _  © F 012
vice was found to provide an extremely sensitive degree E:‘ 10 ! o0
of control over relevant injury parameters. E‘;j }\J' -
To determine the effect of membrane curvature onits §& ° kK -
accuracy, the LDT was calibrated with the membrane at § § 0 vy 00
three separate, static displacements, 0, 3.3, and 6.1 mm. g‘ﬁ I S R o8
When the membrane is displaced 3.3 mm at its center, it 9391549933
adopts the conformation of a sphere with a radius of 14.0 o 00
mm; when the membrane is displaced 6.1 mm at its -t
center, it adopts the conformation of a sphere with a Time (s) C

radius of 9.7 mm® The three calibration curves along

with the raw data are plotted in Fig. 2. With all of the

system settings constaftteedle valve settings, vacuum

level, and timing, two displacement traces were ac- FIGURE 3. Displacement, strain, and strain rate data ac-
quired with each of these calibration factaf@ata not quired from three experiments at different settings. (A) Data

) . from an experiment with a displacement lasting 20 ms with a
shown). Parameters of importance from each of the SiX syrain rate of over 15s ~L. Most other contemporary in vitro

experimental traces are summarized as meastandard injury devices cannot attain strain rates of this magnitude.
deviation (SD): strain=0.15+0.007, strain rate 16.38  (B) System setlings have been changed to produce a defor-

. mation lasting 10 s. Note that since strain is applied over a
*=0.70, and re.laxatlor_1 rate14-?’9i 0.39. longer duration, the maximum strain rate has decreased to
The theoretical radial and circumferential; andx,, approximately 0.02's ~! and is represented on the right axis
respectively stretch ratios across the membrane radius in this figure. The ex_penmental data also demonstrates th_at
. the shape of the displacement phase and the relaxation
were calculated for center stretch ratios of 1[#5g.

. ) phase can be changed independently of each other. (©) All
5(A)] and 1.65[Fig. 5B)], which correspond to center system settings are identical to those in  (A) except for the

dlsplacements of 55 and 8.0 mm, respectlvely Circum- delay between the f|r|ng of the vacuum and exhaust solenoid

f tial stretch fi d d h b valves. The duration of the strain has been increased from
erenual streich ratios were measured an ave Deenyg o 9o ms, while other aspects of the strain pulse are

incorporated into Fig. 5. The simplified, geometrical for- unchanged.
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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.

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 +1 pixel
which creates a large error in the calculation of strain when

the size of the ring is small.

k,=0.0009 was a slight change in the radial strain at the
edge of the clamped membrane from 0.32 to 0.35.
Membrane casts were made for the following center

mula for the biaxial strain at the center of the membrane displacements: 3.1, 3.7, 4.3, 5.5, and 8.0 mm, which
was in close agreement with the full set of theoretical correspond to biaxial stretch ratios at the center of 1.08,
calculations, underestimating by 0.02.23 vs 0.2% the 1.11, 1.15, 1.25, and 1.65, respectively. The digitized
center strain at a displacement of 5.5 mm. profiles of the casts were superimposed over the calcu-
Due to the hyperelastic strain energy function used to lated membrane profile@=ig. 6).

model the Sylgard membrarisee Appendix the defor-
mation is independent of the modulus of rigidity, It is

of interest to note that the deformation is not dependent
uponk, below a stretch ratio of 2.00. The deformation is
also relatively insensitive to the value & at stretch
ratios less than 1.65. The largest discrepancy in the
calculations using extreme values kj (k,=0.000 or

DISCUSSION

The model described herein was based on a type of
device which deforms a substrate on which cultured tis-
sue has attached. Substantial improvements were incor-
porated into the design of the system which reproducibly
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Membrane Profile axon during uniaxial stretch and recovérit. was found

that the axon transiently depolarized in response to
Actual .. . .
— — - Calculated uniaxial stretch and that as the rate of loading increased,
the time required for recovery also increased. Cargill and
Thibault found that high strain rate but not quasi-static
deformations resulted in an increase in intracellular free
calcium in neuroblastoma—glioma cellsLaPlaca and
colleagues have found a similar dependence of increased
intracellular free calcium on loading rate in a different
injury system utilizing terminally differentiated N-tera-2
_l_ 108 cells1”8In the same experiments, lactate dehydrogenase

release was dependent on loading rate as well. Therefore,

EERER the response of biological tissue to injury appears to be
2ada d sensitive to the rate of loading. Consequently, to eluci-
LIl date injury mechanisms, it is paramount that tissue be

| 9.0 mm | injured in a clinically relevant manner, i.e., at relevant
strains and strain rates. The device described herein pro-

, vides a means of injuring tissue vitro at strains and
FIGURE 6. Calculated membrane profiles have been super-

imposed on experimental membrane profiles digitally traced strain rates similar to those thought to be responsible for
from casts of deformed membranes. The calculated profiles nonimpact, inertial head injurin vivo.?>?° It also allows
match the actual profile over much of the membrane radius. for the precise and independent control of several param-
The clamped boundary condition produces bending mo- . . . .

ments at the edge of the membrane which impart the sigmoi- eters associated with the injury. This degree of control
dal shape. will be necessary to understand the dependence of the

response to injury on the loading rate and the magnitude
of the injury.

generated mechanical stimuli at strains between 0.10 and A substantial improvement associated with this device
0.65, and strain rates as high as 15%,swhich are con- was the ability to perform noncontact displacement mea-
sistent with those thought to occur in noncontact, inertial surement of the membrane during deformation. In other
head injuriesin vivo.®'%2?2 This injury device was also membrane-based devices, membrane deflection has been
designed with the flexibility to mechanically stimulate measured by several means. Although these methods
cultured cells at noninjurious levels so that physiological were able to generate rough measurements of membrane
cellular responses could be compared with pathophysi- displacement, each has inherent limitations. Gorfien and
ological responses. The system afforded an unprec-colleaguel' measured membrane deflection with a stick
edented level of control over the exact shape of the that rested on the surface of the membrane and moved
mechanical stimulus via precise and independent controlup and down past a ruler. The stick rested on the mem-
of several parameters including strain, strain rate, relax- brane of a well that had not been plated with cells and
ation rate, and strain duration. To fully characterize the was attached to a manifold of other wells; it was as-
device, a theoretical analysis of membrane deformation sumed that all wells deformed in an identical manner and
was undertaken. Theoretical results of the membranethat the stick did not affect the deformation. Ellis and
profile were compared to casts made of the deformed colleagueSvideotaped a membrane as it deformed past a
membrane, while theoretically calculated circumferential ruler and determined the displacement at intervals of
strain was compared to measured circumferential strain.approximately 30 ms. This method cannot be applied to
Although this information would not be normally avail- displacements that occur in less than 30 ms. Cargill and
able during an experiment, it was acquired in these ex- Thibaul® measured the deforming pressure during the
periments to validate the strain data output from the injury and later calibrated static displacement to pressure.
device. The displacement during injury is dynamic and is there-

The ability to generate high strain rate deformations fore influenced by mass effects associated with the mem-
as well as precisely control those deformations is par- brane as well as the compressibility of air which are not
ticularly critical in light of the mechanical properties of considered during the static pressure—displacement cali-
brain tissue. The mechanical response of a viscoelasticbration. Instead of relying on inferred information, the
material such as brain at two different strain rates will system described herein is capable of measuring the dis-
differ, and it is likely that the biochemical or cellular placement directly with the LDT for every experiment
response of nervous system tissue subjected to two dif-without affecting the deformation of the membrane.
ferent strain rates will also differ. Galbraith and col- In the present study, the LDT measured backscattered
leagues measured the resting potential of the giant squidlaser light reflected off the target object. Since the exact
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nature of the reflected light depends on several factors CONCLUSION
including surface characteristics of the target, it was nec-
essary to calibrate the LDT for each individual mem-
brane. Because the LDT was calibrated with the mem-

A deeper understanding of both the physical and cel-
lular mechanisms involved in the pathophysiology of
brain injury is necessary to more effectively care for the

brane in a flat, undeformed position, there was some head injured population, and tli vitro model described
concern that as the membrane deformed and assumed Rerein may provide new insights. Althougvitro mod-

and the original calibration would not be valid. Our re- |imitations may be, for specific hypotheses, their greatest
sults demonstrated that the curvature of the deformedassets. By employing specifically desigriadvitro mod-
membrane did not affect the calibration of the LDHig. els, it is possible to study a purely mechanical injury in
2(B)]. To demonstrate that the device generates a verythe absence of secondary injury mechanisms, and this
reproducible deformation, six deformations, two with model allows for the mechanical insult to be directly
each of the three different calibrations, were acquired. Measured and precisely controlled. To gain insight into
The six traces were found to be very similar with a the more complex mechanisms associated with the post-
maximum strain discrepancy of approximately 0.02 with fraumatic sequelae, secondgry .factors can be supenm-
posed on the purely mechanical instf. With the aid of
a mean of 0.150.007 (mearrSD). The overall shape ; .
L e . . greater control afforded by this model over the mechani-
of the strain histories was also very similar with a strain

) cal insult at large strains and high strain rates, it is hoped
rate of 16.38-0.70 and a relaxation rate of 14:88.39. 5+ improved tissue tolerance criteria can be developed

The data presented in Fig. 2 validate the LDT calibration to petter engineer preventative equipment and that by
method and demonstrate that the LDT aCCUrately mea- providing the means to better understand the post-
sures the displacement of the membrane during the insulttraumatic sequelae, management of the traumatically
despite the increase in membrane curvature as it de-brain-injured patient can be improved.
formed.

In an effort to fully characterize this novel injury
device, the strain field across the membrane was calcu- ACKNOWLEDGMENTS
lated. It was assumed that at deflectionsnda>3, the
membrane resisted deformation as a membrane and not We would like to thank Dr. Michelle C. LaPlaca, Dr.
as a bearft?2% Measured circumferential strain agreed Ramesh Raghupathi, and Dr. Kathryn E. Saatman for
well with the calculated strain over most of the radius. In their helpful comments and critical reading of the manu-

addition, the calculated profiles of the displaced mem- SC”Pt- This work was supported in part, by National
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brane agreed with the actual profiles over most of the
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sumption that the bending moment throughout the mem-
brane was negligible. The effect of the bending moment
was most evident at the clamped edge of the membrane
and may have been responsible for the discrepancy be-

twgen calculated anq measured strain as well as the sig- The theory of elasticity is presented as it applies spe-
moidal shape seen in the actual profiles. Everwéa cifically to circular clamped membranes. If the principle
>20 (a deflection of 8.0 mm, which is considered to be radii of curvature are large compared with the membrane
well into the membrane regime of deformatipredge thickness and the stretch ratios are sufficiently large, then
effects were still eviderft®®*® The close agreement of the equations of equilibrium may neglect stress varia-
actual to measured values substantiated the choice of aions over the shell thickness. It will further be assumed
hyperelastic material property for the Sylgard membrane. that the material is homogeneous, isotropic, and incom-
It appeared as though the deflections of interest herePressible, and is subje_cted to a pressure acting normal to
represented a region of transition from purely beam be- theTLnembrtan_ela_t all tlmes.d  beh o st
havior to membrane behavior. The above calculations € material 1S assumed {o benhave as a hyperelastic

. . . material and is governed by the following strain energy
were valid over most of the radius with the caveat that, . >

. . ' equations:

due to the bending effects, the solutions may not be valid
at the clamped edge. These results suggest that cells or
; oW
tissue should not be cyltured near the edges of the well =G expky(I;—3)?, (A1)
where the membrane is clamped. dly

APPENDIX
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W Gk,

2. == (A2) Z
aly, 1y

whereG, k;, andk, are material specific parametets.
and |, are the first and second invariants of the strain r
tensor.

The complete set of governing equations may be split
into three categories, geometrical, equilibrium, and elas-
ticity consideration$:**° For the coordinate dependent ¢
quantities, a subscript of 1 denotes a line of radius in the
undeformed state and a line of longitude in the deformed R
state; a subscript of 2 denotes a line of circumference in
the undeformed and a line of latitude in the deformed FIGURE Al. A meridian cross-section of the deformed mem-

) . . . brane is presented. The surface S is the surface of the de-
state: a subscript of 3 denotes the direction normal to the formed membrane which is axisymmetrical about the Z axis.
surface of the membrane. The deformed radius is depicted by r, and the angle 0 is the

Dimensional quantities are nondimensionalized as fol- angle of declination from the axis of symmetry of the normal

L . . to the deformed membrane outer surface.
lows and are indicated by a prime notation. Stress result-
ants, T, andT,, are replaced byr; andT,, where

de
T K=o (A9)
lem, (A3)
, sing
T2 K2=r—,. (AlO)
T2=—2hG. (A4)

By manipulation of the above equations, the following

All linear dimensions are divided by the characteristic geometric relationships are obtained:

length pg, the radius of the clamp, or equivalently, the

undeformed membrane. Dimensional pressure is replaced ﬂz)\ cos 0 (A11)
by nondimensional pressurB!, given by dp’ ™t ’
Po dz ;
pP'=pP G- (A5) gs— s 0, (A12)
The thickness of the undeformed membranehis dr’ Y
. . : L —— =M V1-(x5r")%, Al13
which appears in the above equations. The radius in the dp’ ! (re2r") (AL3)

deformed state is. The curvature in the principle direc-

tions is represented by, and stretch ratios are repre- dx, 1 [dr’
sented byA. PP (F—?\z), (A14)
The deformed geometry is shown in Fig. Al. By PP p
definition and by geometrical analysis the following are ) o
calculated: drp_ dr' (K1~ (A15)
dp/ dp/ r ! 1
ds'
Mg (A6) dz o
p d_p’: —)\1K2I’ . (A16)
)\er_” (A7) The conditions of equilibrium are ensured by the fol-
p lowing equations assuming that the thickness of the

membrane is small compared to the curvature:

Jg = cosé, (A8) K Ti+K5TH=P’, (A17)
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9Gennarelli, T. A. Animate models of head injury. Neu-
rotrauma 11:357-368, 1994.

10Gennarelli, T. A., L. E. Thibault, J. H. Adams, D. I. Graham,
The first equation specifies equilibrium in the direc-  C. J. Thompson, and R. P. Marcincin. Diffuse axonal injury

tion normal to the surface of the membrane. The second and traumatic coma in the primaténn. Neurol.12:564-574,

specifies equilibrium in the axial direction, taking into ., 1982.

1 i : .

. Gorfien, S. F., F. K. Winston, L. E. Thibault, and E. J.
ik symm(_atry of the deformed membrane Macarak. Effects of biaxial deformation on pulmonary endo-
as well as the constant internal pressure. _ thelial cells.J. Cell Physiol 139:492-500, 1989.

Three elasticity equations can be written which take 2Hart-Smith, L. J. Elasticity parameters for finite deformations

into account specific material properties: of rubber-like materialsZ. Angew. Math. Physl7:608—626,

21,T,=P". (A18)

1966.
1 BHart-Smith, L. J., and J. D. C. Crisp. Large elastic deforma-
ngﬁ, (A19) tions of thin rubber membranesnt. J. Eng. Sci.5:1-24,
%2 1967.
\2k ¥Kirkpatrick, J. B., M. L. Higgins, J. H. Lucas, and G. W.
r_ 2_\2 2 2"2 Gross.In vitro simulation of neural trauma by lasel. Neu-
Tl_)\3()\1_)‘3)(equ1“1_3) I+ N ropathol. Exp. Neurol44:268—284, 1985. Y
(A20) 5Klingbeil, W. W., and R. T. Shield. Some numerical inves-

tigations on empirical strain energy functions in the large
Aikz axi-symmetric extensions of rubber membrangs.Angew.
T§=)\3()\§—)\§)(exr[kl(ll—3)2]+ _) Math. Phys.15:608-629, 1964. _ o
P ®Koeneman, J. B. Viscoelastic properties of brain tissue. MS
thesis, Case Institute of Technology, Cleveland, OH, 1966.
7L aPlaca, M. C., V. M. Lee, and L. E. Thibault. An vitro

The first equation is dictated by the assumption that model of_traumatic neurgnal injury: Loading rate-dependent
changes in acute cytosolic calcium and lactate dehydrogenase

the material is |ncompre55|ble, whereas the specific Na- | olease. Neurotraumald:355—368, 1997.

ture of the other two is dependent upon the hyperelastic 18 gpjaca, M. C., and L. E. Thibault. Aim vitro traumatic
nature of the material property. Therefore, the complete injury model to examine the response of neurons to a hydro-
state of stress and strain of the membrane is defined by dynamically induced deformation.Ann. Biomed. Eng.

(A21)

a total of one independent varialfl®) and ten dependent

variables, constrained by a system of ten nonlinear equa-

tions, (A7) and (A13)—-(A21), which can be solved
numerically.
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