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A Triaxial-Measurement
Shear-Test Device for Soft
Biological Tissues
A novel shear-test device for soft biological tissue, capable of applying simple s
deformations simultaneously in two orthogonal directions while measuring the resu
forces generated in three axes, is described. We validated the device using a synthe
the properties of which were ascertained from independent tensile and rotational s
tests. Material parameters for the gel were fitted using neo-Hookean analytical solu
to the independent test data, and these matched the results from the device. Prelim
results obtained with rat septal myocardium are also presented to demonstrate the
bility of the apparatus in determining the shear characteristics of living tissue.
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Introduction
The development of realistic computer models of mechan

behavior for soft biological tissues in health and disease is de
dent on the formulation of appropriate constitutive laws and
curate identification of their material parameters. In the p
uniaxial or biaxial tensile testing has been widely used to cha
terize the material behavior of soft tissues@1#. For many tissue
types, however, such tests do not represent the normal mod
deformationin vivo, or do not yield sufficient quantitative infor
mation to formulate a reliable constitutive law. For instance,
axial tensile tests have previously been carried out on thin sect
of noncontracting myocardial tissue removed from the left v
tricle of the heart@2,3#. However, such experiments may give ri
to artifactual results where the microstructural integrity of the
sue is disrupted by sectioning@4#. Moreover, myocardial tissue
undergo complex patterns of tensile, compressive, and shea
formations throughout the cardiac cycle, and it has recently b
shown that the shearing of adjacent muscle layers contributes
nificantly to subendocardial wall thickening during systole@5#. It
follows that in vitro tests that incorporate shear and/or compr
sive loading should provide a more complete characterization
the material behavior of myocardium than biaxial tensile te
alone. Other tissues for which shear characterization would
useful include aortic valve cusps, which undergo significant sh
ing during normal function@6#, and tissues such as brain in whic
large shear strains and rates have been implicated in tissue tr
@7#.

In this study, we describe a shear-test device for soft biolog
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tissue capable of applying simple shear deformations simu
neously in two orthogonal directions, while measuring the res
ing forces generated in three axes. The system was designe
apply shear in more than one principal direction so that the deg
of anisotropy of the test specimen could be directly addressed
measuring the forces acting in three orthogonal directions, i
possible to set the initial state of compression and fully charac
ize the imposed loads. Although shear-test devices for biolog
samples have been developed in the past@6,8,9#, none has incor-
porated these requirements. We validate the device using s
samples of a synthetic gel and present preliminary results obta
in myocardial tissue.

Device Specifications
In developing a device for testing biological samples und

simple shear deformation, we were influenced by the follow
considerations:

~i! The ability to impose shear deformation in two orthogon
directions was seen to be necessary for systematic inv
gation of material anisotropy.

~ii ! Forces must be measured in three orthogonal directions
characterize loading conditions fully.

~iii ! The specimen must be immersed in an appropriate ph
ological bathing solution throughout the testing process

~iv! The system must be capable of testing small tiss
specimens,1 as well as measure relatively low shear a
compressive forces~anticipated to be within6500 mN!.

-
ciate

1For appropriately sectioned samples of ventricular myocardium, specimen
mensions of 53532 mm were seen to provide the best compromise between p
ervation of structural integrity and ensuring that the tissue is relatively unifo
throughout the specimen volume.
000 by ASME OCTOBER 2000, Vol. 122 Õ 471
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~v! The system must resolve nonlinear behavior under la
deformations~typically 50–100 percent shear strains!.

Methods

Overview of Shear-Test Device. The main components o
the shear test system we developed are illustrated in Fig. 1.
device consists of separateX–Y, andZ translation stages attache
to a fixed base. Mounted on theX–Y translation stage are a tissu
bath assembly and the pressure transducer used to measure
in the Z direction. A custom-built transducer, designed to allo
forces in theX andY directions to be measured independently,
fixed above the tissue bath. The tissue specimen is positio
between two circular platforms attached to theX–Y force trans-
ducer and the tissue bath assembly respectively, and secur
them using a surface adhesive. The vertical position of the sp
men can be set to within an accuracy of 0.1 mm using man
controls and a vernier measuring scale attached to theZ transla-
tion stage. To carry out a shear test, the bottom surface of
specimen was displaced horizontally using theX–Y translation
stage, while associated forces inX, Y, and Z directions were
measured.

X – Y Displacement. Two linear DC motors~DC-Mike drives
M-224.07 with C121.05 gear heads, Physike Instrumente! were
used to drive theX–Y translation stage~M-015, Physike Instru-
mente!. Each motor was equipped with two magnetic encode
which output square wave signals in quadrature as the m
spindle rotated, enabling displacement to be measured with a r
lution of 0.8mm in a full travel of 25 mm. Maximum velocity of
the motors was 2 mm•s21.

Vertical Z Force Measurement. In order to measure the ver
tical forces acting on the tissue sample, the lower platform
which the tissue rests was coupled to a variable-reluctance, di

Fig. 1 Schematic overview of Shear-Test Device „drawn to
scale …. See text for further explanation.
472 Õ Vol. 122, OCTOBER 2000
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ential pressure transducer~Validyne MP45-1, Engineering Corp.!
with a range of60.2 kPa. The lower shear platform~10 mm
diameter! was glued to a circular glass cover slip~25 mm diam-
eter, 0.15 mm thickness, Mediglass!, which formed the floor of
the tissue bath. The cover slip deflected slightly under verti
load, but was sufficiently rigid in the lateral direction to reje
horizontal loads in the direction of shear. A chamber immediat
below the bath was coupled to one side of the pressure transdu
This assembly was filled with water and sealed using a fine rub
membrane separated from the cover slip by a thin spacer.
tissue bath and transducer were rigidly fixed to the translat
stage.

Horizontal X – Y Force Measurement. The components of
the X–Y force transducer shown in the upper part of Fig. 1 a
illustrated in detail in Fig. 2~a!, which outlines the basic assembl
of concentric brass rings, stainless steel beams, and strain g
used to measure the shear forces applied to the tissue. Each o
rings was connected to its neighbor by four stainless steel be
(303530.25 mm). The upper platform was fixed to the center
the innermost ring. Each beam was able to deflect laterally,
was relatively stiff and inflexible along its other axes. Thus, wh
force was applied to the tissue platform in theX direction ~Fig.
2~b!! the inner beams deflected, while application of a force in t
Y direction~see Fig. 2~c!! deflected the outer beams. Semicondu
tor strain gages~KSP-2-120-E3, Kyowa Electronic Instruments!
were mounted on opposite sides of one inner beam to register
X force component, while a second pair mounted on an ou
beam registered theY force.

Fig. 2 „a… Top view of X-Y force transducer used to separate
the horizontal X, Y forces generated on the upper surface of
the tissue due to horizontal displacement of its lower surface.
A tissue platform that makes contact with top surface of the
tissue sample is fixed to the center of the inner ring. „b… Dis-
placement of inner ring due to force applied in the X direction.
The asterisk marks the location of strain gages that separate
out and measure this X force. „c… Displacement of middle and
inner rings due to force applied in the Y direction. As in „b…, the
asterisk marks the location of strain gages that selectively
measure this Y force. Note that in diagrams „b… and „c…, the
extent of ring deflection is exaggerated for illustrative pur-
poses.
Transactions of the ASME



Fig. 3 Typical calibration curves obtained following the protocols described in the text. The principal axis calibrations „left
panel … were obtained using the manual calibration procedure outlined in the text. Linear regression fits „dashed lines … were
used to determine the principal calibration coefficients comprising the diagonal terms of the 3 Ã3 calibration matrix. Cross-
coupling plots „right panels … were then generated by fixing a rigid sample between the upper and lower tissue platforms of the
device. The lower platform was then translated in each of the three principal directions separately, with forces recorded and
shown in the right panel plots. For these rigid tests, forces were determined using the principal axis coefficients of the
preceding manual calibration routine. The rigid tests were a direct way to measure the cross-influences of each principal force
on the other two axes. From top to bottom on the right, the panels show the magnitude of cross-talk of an X force referred to
the Y and Z directions, a Y force referred to X and Z, and a Z force referred to X and Y. Linear regression fits to these test
results were then used to determine the remaining off-diagonal terms of the calibration matrix.
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Motor Control and Data Acquisition. The shear testing sys
tem was controlled and data were acquired using a Macin
9150/120 PowerPC computer equipped with analog interface
timer I/O boards~National Instruments™ NB-M10-16 and NB
TIO-10, respectively!. All instrumentation software was written
using the LabVIEW~National Instruments™! programming lan-
guage.

The DC motors were driven independently via the analog in
face and quadrature signals from each motor were continuo
monitored to provide a real-time measure of displacement. A P
control algorithm was used to impose a variety of programm
shear protocols~sequences of sinusoidal, triangular, or step d
placements!.

TheX andY strain gages were interfaced with bridge amplifie
that incorporated low-pass filters~10 Hz, 2 pole!. Output from the
Z pressure transducer was passed through a low-pass filter~1 Hz,
1 pole!. These signals were acquired at 60 Hz and converted
line to force using a 333 calibration matrix generated prior t
each test as described below.

Device Calibration. A simple procedure was used to impo
forces on the upper tissue platform in order to calibrate theX–Y
force transducer. Four long threads aligned in theX andY direc-
tions were fixed at one end to the upper tissue platform and a
other to a rigid support some 30 cm from the transducer. Weig
were suspended from the centers of the threads. The outer at
ment points were carefully positioned so that the thread was~i!
horizontal between the platform and the point at which the wei
was suspended and~ii ! at 45 deg to the horizontal between th
point and the outer attachment. This arrangement ensured the
tical force applied by the weight was also imposed in the horiz
tal direction.

The Z pressure transducer was calibrated by placing kno
weights on the lower tissue platform. A typical calibration plot
all three axes of the device is shown in the left panel of Fig.
Journal of Biomechanical Engineering
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where the linearity of the device is evident throughout the ran
of forces tested~6600 mN!. Linear regression analysis was use
to determine the three principal axis calibration coefficients.

The extent of cross-axis coupling in the shear test device
quantified as follows: A rigid aluminum cuboid (53532 mm)
was fixed between the upper and lower tissue platforms and fo
on each axis were recorded as the lower platform was transl
separately in each of the three principal directions. Plots of cro
axis force versus principal-axis force generated from such a r
body test are shown in the right-hand panels of Fig. 3. Lin
regression analysis was then used to estimate six cross-talk
bration coefficients. These coefficients were negated and inco
rated into a 333 calibration matrix to convert raw voltages from
each of theX, Y, andZ transducers (Vx ,Vy ,Vz) into units of force
(Fx ,Fy ,Fz) according to

S Fx

Fy

Fz

D 5S Cxx Cxy Cxz

Cyx Cyy Cyz

Czx Czy Czz

D 3S Vx

Vy

Vz

D
where the diagonal termsCxx , Cyy , and Czz are the principal
calibration coefficients, with the remaining off-diagonal term
serving to null the effects of any axis cross-talk.

The calibration matrixCi j (6SE) for the data presented in Fig
3 was

C5S 560.066.1 24.760.3 243.462.7

22.360.1 80.163.6 3.560.3

218.260.3 2.760.1 886.3612.0
D mN•V21

and these are typical values.

Strain Correction. In this device, shear loading is impose
by controlled displacement of the lower tissue platform. Howev
OCTOBER 2000, Vol. 122 Õ 473
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measurement ofX and Y forces is necessarily associated wi
small displacements of the upper tissue platform~see Fig. 2!. This
decreases the relative displacement between platforms, w
could cause a slight overestimation of shear strain. The data
quired to characterize the transducer force displacement rela
ship are available from the cross-coupling tests described ab
For all rigid-body calibrations performed, the force-displacem
characteristic was linear. Regression analysis was used to d
mine two strain correction coefficientsax ,ay to correct for shear
displacement according to

sx5sx* 2axFx

sy5sy* 2ayFy

wheresx ,sy are the corrected displacements,sx* ,sy* are the un-
corrected displacements determined from the motor positions,
Fx ,Fy are the horizontal forces. Strain correction coefficie
ax ,ay were typically 112 and 243mm•N21, respectively.

Gel Test Validations. To validate the shear device, tests we
carried out on small samples of synthetic silicone gel~Sylgard
527, Dow Corning! whose elastic properties have been sho
previously to be similar to soft biological tissue@7#. The material
properties of the gel were also characterized with independ
tensile tests and rotational shear tests, illustrated schematica
Fig. 4.

The mixed gel components~75 percent resin: 25 percent cat
lyst! were placed in a sealed chamber and degassed wi
vacuum water pump to remove any air bubbles. The mixture
poured into small cuboid moulds (63632 mm) to provide speci-
mens for the shear test device. The same mixture was poured
long thin cylinders~5.3 mm D! for tensile testing and into an
annular cylindrical mould for rotational shear testing. In the lat
case, the mould consisted of the annular space~16 mm ID, 38 mm
OD, height 24 mm! between concentric plexiglass cylinders. A
samples were cured as a single batch for seven hours at 5
Using this protocol, two sets of samples were tested from
different batches of gel.

Simple shear tests were carried out with the 636 mm surfaces
of the cuboid gel specimens fixed to the upper and lower tis
platforms with cyanoacrylate adhesive. Care was taken to en
that both surfaces of the gel were entirely covered with adhes
in order to obtain as uniform a strain as possible throughout
sample during testing.

For the tensile tests~Fig. 4~a!!, material markers spaced even
at 2 mm were drawn with a fine pen on the thin cylindrical g
specimen. The specimen was vertically suspended and we
attached to its lower end. Video images were recorded from
central region of the sample to ensure strain uniformity. This w
verified by the maintenance under load of regular spacing betw
material markers in the region of interest. Weights were adde
increments of approximately 20 mN until failure of the sample

For the rotational shear test~Fig. 4~b!!, the cylindrical mold and
annular gel specimen were mounted so that the outer plexi
cylinder rested on a thrust-bearing while the inner cylinder w
fixed. Thus the outer cylinder was able to rotate under the ac
of an applied couple while the inner cylinder was not, imposin
rotational shear on the gel in the annular space. Forces were
plied via two parallel strings attached horizontally in grooves
the outer cylinder. Material markers consisting of fine silica p
ticles were placed on the upper surface of the sample at var
radial distances from the axis of rotation. For each load appl
tion, video images were recorded and used to track the ang
rotation of each material point. Results from simple shear, ten
and rotational shear tests were fitted to neo-Hookean analytic
lutions ~Eqs.~3!, ~6!, and~13! in appendix! using linear and non-
linear least-square procedures.

Tissue Shear Tests. Shear tests were carried out on blocks
myocardium isolated from rat heart septums. Rats weigh
around 450 g were anesthetized using halothane, the heart
474 Õ Vol. 122, OCTOBER 2000
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rapidly excised and perfused retrogradely with cardioplegic so
tion at 4°C to which 100 mM 2,3-butanedione monoxime~BDM!
had been added. BDM is known to block actin–myosin intera
tion in cardiac muscle and prevents contracture due to cut
injury @10#. The interventricular septum was dissected out an
535 mm square full thickness sample was removed with t
edges aligned in the apex–base direction. Immediately follow
dissection, the thickness of the specimen was measured usi
micrometer. The specimen was aligned with the apex–base di
tion along thex axis and was glued to the lower tissue platform
the shear-test device using a thin coat of cyanoacrylate adhe
The adhesive was then applied to the upper tissue surface an
bath assembly was raised manually until the specimen conta
the upper tissue platform. A load of 400–600 mN was applied
approximately five minutes to facilitate adhesion of the surfac
Cardioplegic solution~containing BDM! was then added to the
bath and the stage was lowered to zero the compressive fo
Following each test~tissue or gel!, the sample was removed an
carefully examined for evidence of glue penetration, excess g
along free walls, or detachment of the sample from either uppe
lower device platforms. If this was the case, results of the t
were rejected.

Results

Gel Material Properties. To characterize the material prop
erties of the synthetic gel specimens used to validate the shea
device, separate tensile and rotational shear tests were carrie
with matched gel samples from two batches. Representative
sults from one gel batch are shown in Fig. 5. For both batche
neo-Hookean material description employing a single param
provided reliable fits to the test data. On the other hand, it was

Fig. 4 Test protocols to ascertain independently the material
properties of gel samples used to validate the shear test de-
vice. In the tensile test „a…, a thin cylindrical sample of gel „di-
ameter 5.3 mm … was suspended vertically with weights at-
tached to its lower end. A video camera was used to record and
measure the distance between evenly spaced material markers
to ascertain strain. In the rotational shear test „b…, a concentric
cylindrical sample of gel „outer diameter 38 mm, inner diameter
16 mm, height 24 mm … was cast between two cylindrical tubes
and mounted so that the inner cylinder was held stationary
while the outer surface was free to rotate under the action of an
applied couple. The outer cylinder was supported by a thrust-
bearing base to minimize the effects of friction and gravita-
tional load on the sample. Two strings „shown as F arrows …

attached within grooves on the outer cylinder were used to ap-
ply a known couple. Material markers on the top surface of the
sample, as recorded by video, were used to measure the angle
of rotation of each material point as a function of its radial
position in the sample.
Transactions of the ASME
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possible to identify two unique material parameters reliably us
the more complex Mooney–Rivlin characterization@11#. The bro-
ken lines in Fig. 5 are best-fit analytic solutions for a ne
Hookean elastic solid in the two different tests~see appendix for
derivation of analytic solutions!. In both gel batches, the neo
Hookean material parameter identified in the tensile test was 7
percent larger than that obtained from the rotational shear
Results are summarized in Table 1.

Gel Shear Results. Using the shear test device, stress–str
characteristics for the cuboid gel samples under simple shear
obtained for both batches, with representative results from bat
shown in Fig. 6. Sinusoidal time-varying shear strains of am
tude 0.25~0.5 mm displacement! and period 30 s were applie
over two cycles in the twoX, Y directions separately. Shear di
placements in theX direction produced no change in force in th
Y direction and vice versa~not shown!. The stress–strain charac
teristic was linear, as expected for a neo-Hookean material.
both gel batches, the rotational shear parameter provided
closer fit to the data from the device than that parameter obta
from the tensile tests~see Table 1 and Fig. 6!. Reproducibility of
the device was examined by testing three separate cuboid sam
in succession from batch 2. Variation inC1 values from the three
tests was62 percent of the mean value. Table 1 shows the m
dian value ofC1 obtained from the three samples of batch 2. A
shear tests from the device yieldedC1 values that were within 15
percent less than the rotational shear parameter from the c
sponding batch of gel.

Myocardial Shear Results. Following validation of the de-
vice using the synthetic gel, we examined the shear characteri
of a sample of rat septal tissue. The tissue block measu
53532.2 mm, with the smallest dimension being the sep
thickness. The sample was mounted with left ventricular~LV !
and right ventricular~RV! surfaces placed top and bottom, respe
Journal of Biomechanical Engineering
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c-Fig. 5 Gel data from „a… tensile and „b… rotational shear tests
from batch 1 samples. Dashed curve on each graph is the least
squares fit of neo-Hookean analytical solution to the data.
Fig. 6 Shear properties of a cuboid gel sample from batch 1 measured using the shear test device. Sinusoidal shear
strains of 0.25 magnitude, 30 s period were applied over two cycles in the X and Y directions separately, as shown in the
inset. The sample was not compressed in the vertical Z direction. Plots of corresponding shear force against shear strain
are shown in the main graph. Analytical plots using a neo-Hookean material parameter of C1Ä10.2 kPa obtained from the
rotational shear test „see Table 1 … are also superimposed on the graphs.
OCTOBER 2000, Vol. 122 Õ 475
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tively, with the apex–base direction aligned with theX axis of the
device. Sinusoidal time-varying shear displacements of amplit
1.1 mm ~i.e., shear strain 0.5! and period 30 s, were applied fo
four cycles or more, with simultaneous measurement of shear
compressive forces. Shear displacement was applied separ
alongX andY axes, corresponding to the apex–base and anter
posterior directions, respectively. It was found that only tw
cycles were required to precondition the sample, after which
petitive patterns of force were obtained. Typical results for bo
shear and compressive stresses following preconditioning
shown in Fig. 7. A second sample was also tested from a diffe
animal using the same protocols, with results in bothX and Y
directions very similar to that shown in Fig. 7. All results we
reproducible across many tests on the same sample perfor
over a period of two hours from when the tissue was first plac

Table 1 Results of neo-Hookean material parameter estima-
tion obtained from least-squares fits to each material test from
2 batches of gel. Tensile data, rotational shear data, and simple
shear data for each batch were fitted to appendix Eqs. „6…, „13…,
and „3…, respectively.
476 Õ Vol. 122, OCTOBER 2000
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in the device. On completion of these tests, samples were foun
be still in a flaccid state; evidence that contracture was minim

As shown in Fig. 7, shear characteristics of rat septal tissue
clearly anisotropic and not symmetric about the zero strain po
Stress relaxation was evident with a time constant of the orde
10 s, and accounted for the hysteresis characteristic in the plot
other tests on rat septum~not shown!, the hysteresis was markedl
increased when the sample was not placed in a bathing med
but kept dry.

Discussion

Device Validation. Validation of the shear test device usin
samples of synthetic gel provided a good measure of the ef
tiveness of the method for characterizing shear properties of
sue. The main aim of the gel experiments was not to characte
the material properties of the gel fully, but to provide a soft-tissu
like deformation over a similar range of loads to that expected
biological tissue. This gel has previously been used to model
behavior of brain tissue in head injury studies@7# and to validate
measurement of material deformation using magnetic resona
tagging@12#. Material parameters of the gel, determined indep
dently in two gel batches by tensile and rotational shear te
were found to differ by 10 percent from each other~Table 1!. For
both batches, consistent variations in relative magnitude of
parameter were seen between the three different tests, sugge
that a neo-Hookean law may not provide a complete mate
description. If this is true, then one would expect that the sim
shear deformations imposed by the device would more clos
Fig. 7 Shear properties of rat septum measured using the shear test device. Sinusoidal time-varying shear displacements
were applied to the RV face of a BDM-treated block of septal tissue in two orthogonal directions corresponding to the apex-
base direction and the circumferential direction „anterior-posterior in intact heart …. In both tests, stress-strain curves stabilized
after two cycles, with stable single cycles shown in these plots. The inset graph is a plot of downward compressive force
arising due to the shear strain in both directions of the sample. With the upper surface of the sample held fixed, positive
base-apex strains correspond to shear displacements of the lower surface „RV side … toward the base, while positive transverse
shear strains are posteriorly directed displacements.
Transactions of the ASME
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mimic the results from the rotational shear test rather than
tensile test, as was indeed found to be the case~Table 1!. It should
be borne in mind, however, that such magnitudes of deviatio
material parameters are routinely obtained from experiments
rubber, where material parameter estimation has been show
depend heavily on the type of test, as well as the range of app
strain. The data of Raos, for example, show a deviation in n
Hookean material parameter estimation of 15 percent for str
between 1.0 and 1.8 during uniaxial and biaxial tests on the s
rubber compound, and even more deviation over different ran
of strains@13#.

Given the inherent variation in the gel material parameter,
results from the shear-test device on the small cuboid gel sam
agree remarkable well with the independent test data~Fig. 6!. In
this case however, an additional factor complicating the anal
is that the derivation for simple shear in the appendix makes
assumption that strains are homogeneous throughout the sa
It can readily be shown that this is not the case, as simple she
actually impossible to achieve without the application of ad
tional normal stresses applied unequally to the faces of the cu
sample—the ‘‘Poynting effect’’@11,14#. In the device no stresse
are applied to the free faces of the block, hence the gel sam
cannot exist in a state of homogeneous strain when deform
Despite this qualification, the neo-Hookean material param
obtained from the simple shear test~using homogeneous strai
theory! deviated by only 15 percent from that of the independ
test data. Given the low error terms in the linear calibration co
ficients of the device and the clear isotropy in theX andY direc-
tions of the sample, we were confident that the data we obta
from the device accurately reflected the shear characteristic
our gel specimen. From our results, it was clear that the de
was able to measure accurately the shear characteristics of
tissue-like samples within the physiological ranges of stress
strain.

Shear Properties of Passive Myocardium. The myocardial
shear data of Fig. 7 represent, to our knowledge, the first di
measurement of the shear characteristics of myocardial tis
These experiments demonstrated the reproducibility of the a
ratus over different samples and tests, as well as the ability of
device to measure nonlinearities and anisotropies in the mate
As expected for a typical biosolid, the shear stress–strain cha
teristic was nonlinear, and exhibited hysteresis due to its
coelastic nature@1#. The simple shear properties of septal myoc
dium shown in Fig. 7 are very similar in form to those observ
by Talman and Boughner@6# in aortic valve cusps~;4 kPa stress
at a shear strain of 1 compared with our stress of 2–4 kPa a
strain!. An indirect measure of myocardial shear properties w
obtained in rabbit papillary muscles using torsion experime
@15#. This tissue, which must be considered as transversely iso
pic rather than orthotropic, showed similar stress–strain profile
our mid-myocardial blocks and required a twisting moment of
mN mm for a twist of 1 rad mm21. A biaxial testing rig has also
been used to investigate in-plane shear behavior
glutaraldehyde-treated bovine pericardium@16#. Again, stress–
strain profiles were typical for biological materials but shear st
ness of these fixed sheets of tissue was high, reaching stress
40 kPa at 0.085 strain.

The anisotropic and asymmetric nature of the shear chara
istics of Fig. 7 is probably due to the underlying structure
muscle fibers and cleavage planes associated with the myoca
sample in question. As septal myocardium is known to be non
form in muscle fiber/sheet orientation, it is difficult to character
the contribution of its laminar and fiber structure to overall sh
properties directly@17#. Nonetheless, it would be possible to u
the shear test device to relate shear properties to myocardial s
ture if a structurally uniform sample could be obtained; possi
one excised from a larger heart than that used in this study.
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alternative approach may be to use mathematical modeling t
niques@18# to quantify the contribution of measured structure
the sample to its shear properties.

Device Limitations. The shear test device described in th
study was designed only for quasi-static shear characterizatio
soft tissues. As such, maximum velocity of the DC motors used
drive the X2Y translation stage was limited to 2 mm•s21. If
desired, higher rates of shear loading can be readily achie
through the use of piezoelectric actuators. A second limitation
the device was that strain measurement was confined only to
ternal displacements of the sample surfaces. Nonhomogen
strain fields set up within the sample could not be directly m
sured with the current design. In terms of constitutive law iden
fication however, three-dimensional measurement of exte
strains and stresses provides sufficient quantitative information
use with a finite element modeling approach using the meas
external strains and stresses as boundary constraints.

Conclusion
The shear test device for biological tissue developed in

study was capable of imposing precision bi-directional sim
shear strains along with uniaxial compressive/tensile strains in
third orthogonal direction, while accurately measuring the res
ing forces generated in all three axes. Simple shear character
of small biological samples, including anisotropic and nonline
profiles, could be readily determined within the physiologic
ranges of stress and strain. Using this device, it will be possibl
develop more comprehensive material descriptions of a variet
soft tissues under conditions of shear loading.

Appendix

Analytical Solutions for Gel Test Deformations. In the fol-
lowing derivations, we make the simplifying assumption th
strains are homogeneous throughout the deformed sample.
reader is referred to Atkin and Fox@11# and Green and Zerna@19#
for a more thorough analysis.

1 Simple Shear of Neo-Hookean Sample.Let particle
P(X1 ,X2 ,X3) in an undeformed neo-Hookean sample be d
formed into particlep(x1 ,x2 ,x3) by the action of simple shea
applied in theX1 direction. For this deformation, the particle
move only in theX1 direction by an amount proportional to the
X3 coordinate, described by

x15X11KX3

x25X2 (1)

x35X3

whereK is the amount of shear in theX1 direction. From Atkin
and Fox~@11#, pp. 97–98!, we can write the Cauchy stress tens
as

s5F 2C1K2 0 2C1K

0 0 0

2C1K 0 0
G (2)

whereC1 is the sole parameter describing the neo-Hookean
terial. On the top surface of the sample~i.e., normal toX3!, the
shear stress is given bys13. Denoting the area of the top surfac
by A, the shear force as measured by the device is given by

F1352AC1K (3)

2 Uniaxial Tensile Loading of Neo-Hookean Material.Let
particleP(X1 ,X2 ,X3) be deformed into particlep(x1 ,x2 ,x3) by a
uniaxial tensile load in theX3 direction. In this case the Cauch
stress tensor~@11#, p. 85! is given by
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s5F 0 0 0

0 0 0

0 0 2C1~l22l21!
G (4)

wherel is the extension ratio alongX3 . This represents the phys
cal value of the stress tensor referred to the deformed cr
sectional area. Experimentally, it is more convenient to deriv
measure of stress relative to the undeformed area. Thus, fo
incompressible material undergoing a uniaxial stretch ofl, the
cross sectional area is reduced by a factor ofl21. Relative to the
undeformedarea, the uniaxial stress componentS33 may therefore
be written as

S3352C1~l2l22! (5)

with the corresponding tensile force being

F3352C1A~l2l22! (6)

whereA is the undeformed cross-sectional area~normal toX3!.

3 Axial Rotational Shear of a Neo-Hookean Cylindrical Tu
(With Inner Surface Held Fixed).Alternative approaches to thi
problem are outlined in Green and Zerna@19# and Young et al.
@12# in terms of cylindrical material coordinates. Let partic
P(R,Q,Z) be deformed into particle p(r ,u,z) by rotation of angle
v(R) about thez axis. This deformation may be described by

r 5R

u5Q1v~R! (7)

z5Z

From Green and Zerna~@19#, pp. 100–101!, the solutions for
v(R) and the axial couple per unit length of the tube~M! are:

v~R!52
A1

2C1R2 1A2 (8)

M54pA1 (9)

where A1 ,A2 are constants of integration andC1 is the neo-
Hookean material constant. The required boundary conditions
v(R) are v(a)50 on the inner surface andv(A)5F on the
outer surface of the tube. On solving these forA1 ,A2 we obtain

v5
F~a222R22!

~a222A22!
(10)

M5
8pC1F

a222A22 (11)

wherea, A are the inner and outer radii, respectively. The ax
couple per unit length~M! is equal to the applied couple (2FA)
divided by the height of the tube (h), whereF is the force in each
arm of the couple. We can therefore rearrange Eq.~11! as

F5
A~a222A22!F

4phC1
(12)
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and on appropriate substitution into Eq.~10! and rearranging, we
obtain

v

F
5

A~a222R22!

4phC1
(13)
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