


2003 Summer Bioengineering Conference, June 25-29, S

representing a circular plate and a foundation (Fig. 1(c)). A rigid 
indenter applied a force, P , at the center of the plate (Fig. 1(e)). Both 
layers were modeled as incompressible materials with a strain-energy 
density function 
 
  [ ]1exp( ( 3)) 1AW B I

B
= − −  (2) 

 
where A  and B  are material parameters, and 

1I  is the first strain 
invariant. To simulate residual stress in the plate, we prescribed a 
uniform radial stretch, λ, at the edge (Fig. 1(d)). 
 
EXPERIMENTAL METHODS 
 For illustration, the FE model was used to analyze indentation 
data from stage 12 embryonic chick hearts. At this stage the heart is 
bi-layered, consisting of an outer, two-cell thick myocardium (MY), 
the “plate”, that envelops a much thicker extracellular matrix 
compartment known as cardiac jelly (CJ), the “foundation”. Fertile 
white Leghorn chicken eggs were incubated blunt end up at 38.5 oC  
for two days. The intact heart was dissected from the embryo by 
cutting its connections at the caudal and cranial ends. To isolate the 
cardiac jelly (CJ), the hearts were incubated in a Ca++, Mg++-free 
10mM EDTA solution for 2 hours. This treatment was followed by 
incubation (2h) in a 1mM solution of deoxycholic acid dissolved in 
distilled water. To enable tracking of the surface contours during 
indentation, we placed polystyrene microspheres (Polysciences, Inc.) 
on the myocardium. 
 
 
INDENTATION PROCEDURE AND MODEL FITTING 
 We have developed a microindentation device, the “heart poker”, 
that provides local force-displacement data, and allows us to visualize 
the tissue deformation (Fig. 3(a,b)). We measure the deformation of 
the surface of the heart with spline fitting techniques. 
 A simulated annealing optimization algorithm was used to find 
material properties of both layers. Experimental forces were prescribed 
input to the FE model, and the least-squares difference between the 
experimental and model displacements along the tissue surface was 
minimized. We determined material properties for the foundation by 
using the isolated CJ data. After the CJ properties were known, we 
added the MY to the model and repeated the optimization using data 
from the intact heart experiments. For the MY we included the stretch 
ratio, λ, as an additional parameter. 
 
 
RESULTS AND DISCUSSION 
 
 
Linear Models 
 For both the beam and plate models an increase in /D K  causes 
the normalized displacement contour, 

max/w wΓ = , to spread out from 
the indenter (Fig. 2(a,b)). Increasing tension causes Γ to spread out for 
the beam model (Fig. 2(c)), but Γ  becomes more localized in the plate 
model (Fig. 2(d)). Hence, residual stress strongly affects the contour 
shape. 
 
 
Experimental Results 
 We found that to fit both the apparent stiffness and contour data 
for the intact heart, residual stress had to be included. Otherwise, the 
contours from the model did not fit the experimentally measured 
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Figure 2 Effect of stiffness and tension on displacement
contours for beam (a,c) and plate (b,d). Dashed lines indicate
compressive forces. 
Figure 3 Contour before (a) and during (b) a poke. Fits to Eq. (2)
for MY are shown for e) 8000, 15, 1.0A B λ= = =  and f) 

500, 2.5, 1.20A B λ= = = . The open symbols are model data, 
while the closed symbols are experimental data. Scale bar = 50
µµµµm.
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ontours (Fig. 3(c)), even if the force-displacement data matched (data 
ot shown). Figure 3(d) shows how the model can fit the data when 
e MY is stretched by 20% before being indented.  

In summary, from the cellular to macroscopic level this new 
icroindentation method should prove useful in testing various tissues 
at have residual stress. 
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