
2. Materials and method

2.1. Experimental setup

A novel High Rate Tension Device (HRTD) was designed and
developed [21] to perform tests at variable loading velocities
(120–300 mm/s) to investigate inhomogeneous deformation ef-
fects on brain tissue at different specimen thicknesses, as shown
in Fig. 1. The major components of the apparatus include a servo
motor controlled programmable electronic actuator (700 mm stroke,
1500 mm/s velocity, LEFB32T-700, SMC Pneumatics), two ± 5 N load
cells (rated output: 1.46 m V/V nominal, GSO series, Transducer
Techniques) and a Linear Variable Displacement Transducer (ran-
ge ± 25 mm, ACT1000 LVDT, RDP Electronics). The load cells were
calibrated against known masses, and a multiplication factor of
13.67 N/V (determined through calibration) was used to convert
voltage to load. An integrated single-supply amplifier (AD 623
G = 100, Analog Devices) with a built-in single pole low-pass filter
having a cut-off frequency of 10 kHz was used. The force (N) and
displacement (mm) data against time (s) were recorded for the tis-
sue experiencing 30% strain. The images were examined to inspect
that the faces of the specimens remained firmly bonded to the
moving and stationary platens during extension of the brain
specimen.

A shock absorber assembly with a striker and stopper plate was
developed in order to avoid any damage to the electronic assembly
during the experiments, as shown in Fig. 1. The stopper plate was
fixed on the machine column to stop the striker at the middle of
the stroke during the uniform velocity phase, while the actuator
completes its travel without producing any backward thrust
(thrust absorbed by the spring) to the servo motor and other com-
ponents. The actuator was run several times with and without any
brain tissue specimen to ensure uniform velocity at each strain
rate.

2.2. Specimen preparation and attachment

Ten fresh porcine brains from approximately six month old pigs
were collected from a local slaughter house and tested within 3 h
postmortem. Each brain was preserved in a physiological saline
solution at 4 to 5 !C during transportation. Then, 32 specimens
were excised from 8 porcine brains (4 specimens from each brain).
As shown in Fig. 2, cylindrical specimens composed of mixed white
and gray matter were prepared using a circular steel die cutter
(15.1 mm internal diameter) and specimens with variable thick-
ness (4.0, 7.0 and 10.0 mm) were prepared. The time elapsed be-
tween harvesting of the first and the last specimens from each
brain was 14 ! 17 min. Physiological saline solution was applied

to the specimens frequently during cutting and before testing in
order to prevent dehydration. All samples were prepared and
tested at a nominal room temperature of 22 !C and relative humid-
ity of 34–35%.

The surfaces of the platens were first covered with a masking
tape substrate to which a thin layer of surgical glue (Cyanoacrylate,
Low-viscosity Z105880-1EA, Sigma–Aldrich) was applied. The top
platen was then lowered slowly so as to just touch the top surface
of the specimen. During tests, the top platen remains stationary
(attached to the 5 N load cell) while the lower platen moves down
to produce required tension in the specimen as shown in Fig. 2.
One minute settling time was sufficient to ensure proper adhesion
of the specimen to the platens.

3. Hyperelastic constitutive modeling

3.1. Preliminaries

In general, an isotropic hyperelastic incompressible material is
characterized by a strain-energy density function W which is a
function of two principal strain invariants only: W = W(I1, I2),
where I1 and I2 are defined as [22],
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where k P 1 is the stretch ratio in the direction of tension. Then, Eq.
(1) gives

I1 ¼ k2 þ 2k&1; I2 ¼ k&2 þ 2k ð3Þ

So that W is now a function of k only. The experimentally measured
nominal stress was compared to the predictions of the hyperelastic
models from the following relation [22], valid for homogeneous
tensile tests

S ¼ dfW
dk

; where fW ðkÞ 'Wðk2 þ 2k&1; k&2 þ 2kÞ ð4Þ

Soft biological tissue is often modeled well by the Ogden formu-
lation and most of the mechanical test data available for brain tis-
sue in the literature are fitted with an Ogden hyperelastic function
[2,15,17,23,24]. The one-term Ogden hyperelastic function is given
by

Fig. 1. Schematic diagram of the complete test apparatus. Dashed and solid lines
indicate inputs and outputs respectively from the electronic components.

Fig. 2. Extraction of cylindrical specimens containing mixed white and gray matter
(left). Specimen in stretched position after test (right).
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